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PREFACE TO PART I 


In preparing this new edition of the portions of the former book that 
relate primarily to thermodynamics and the elementary principles of 
prime movers, it has been found necessary to rewrite them substantially 
in their entirety in order to incorporate the new methods of treatment 
that have been evolved while teaching the subject since the former 
editions were issued, and to include important new material. Because 
of the notable advances that have taken place recently in the field 
covered, it is believed that much of the subject matter will be of interest 
not only to teachers but also to practicing engineers. 

Special attention is directed to the following features: the presenta- 
tion of Reversibility and Entropy in strict accord with modern theory, 
but at the same time with a frank omission of the rigorous mathematical 
details; the derivation of the General Energy Equation early in the text 
so that it may be used as the basis of much of the subsequent discussion; 
the treatment of the properties, processes and cycles of gases having 
specific heats that are variable; the attempt to present satisfactory 
standards, including the “ Real Mixture Standard,” with which to 
compare the performance of actual internal combustion engines; the 
discussion of the dual combustion and composite cycles; the distinction 
that has been made between the cycles of prime movers using vapors, 
7.e., the cycle of the machine itself, and the vapor cycle, or the one 
through which the working substance passes while traversing the whole 
system, including the boiler, prime mover, condenser and pumps,—a 
differentiation which has become of increased value because of the 
use of higher pressures. 

An important addition that is believed to be new to the literature of 
the subject is the development, for engines and plants using vapors, of 
ideal cycles involving reheating and regeneration with the same number 
of reheating and bleeding points that are used in the actual plant. It is 
believed that they will constitute satisfactory standards on which to 
base the efficiencies of actual units embodying these features. 

To as great an extent as seemed feasible, the notation, definitions, 
and standards given in the Power Test Codes of the American Society 
of Mechanical Engineers have been followed. The book is so planned 
that, if desired, many of the sections devoted to the more advanced 
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discussions may be omitted, as indicated by footnotes, without inter- 
fering with the continuity of the treatment. 

In addition to the main notation, which is tabulated where needed 
in the various chapters, the index gives the pages on which the symbols 
are defined. References to sources of much of the information pre- 
sented, and suggestions of books and articles for further study, are 
included. 

Briefly, Part II will cover, in a separate volume, the discussion of 
fuels and combustion; combustion equipment; heat-transmission, and 
apparatus using it; steam boilers, prime movers, auxiliaries and other 
plant equipment; the economics of the selection of equipment and its 
operation; and similar subjects. 

The authors desire to extend thanks to Mr. C. Harold Berry, now 
Associate Editor of Power and formerly a member of the faculty of 
Cornell University, for his very great assistance in preparing the impor- 
tant chapters on Reversibility and Entropy, to Professor George B. 
Upton for his helpful suggestions, especially those regarding the treat- 
ment of the ideal cycles of internal combustion motors, to Assistant 
Professor Frederic C. Evans for valuable aid, and for devising and 
solving many of the problems, and to Mr. Wilbur S. Cooper for his 
help in preparing some of the problems and charts. 
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NOTE TO INSTRUCTORS 


Waite this volume is intended primarily as a text for a full year of 
instruction in a college course, it may also be used in short courses by 
omitting the more advanced portions. 

For the ideal Otto and Diesel Cycles, complete numerical solutions 
are given for the Real Mixture Standards, and although these may be 
omitted, it is believed worth while to have the student examine them 
carefully even though he does not carry through the solutions of similar 
cases. This will assist him not only in obtaining an idea of the general 
principles involved but also in selecting a reasonable value of the 
exponent to use in the “ air standards ” of these important cycles. 

As a thorough mastery of the principles covered is best obtained by 
making application of them, forty pages of problems, with answers, have 
been added at the end of the book. 
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ELEMENTS OF HEAT-POWER ENGINEERING 


CHAPTER I 


FUNDAMENTALS REGARDING ENERGY AND ITS 
TRANSFORMATION 


1. Heat-Power Engineering.—(a) The advancement of the human 
race has been largely due to the fact that man has greater ability than 
his fellow creatures to utilize nature’s resources. At first he was 
driven by his own weakness to seek nature’s aid for protection, and he 
thus became familiar with her simpler laws. This knowledge grew 
steadily and after a time was recorded. Now the accumulated informa- 
tion is too great to be grasped by any individual or group and it has 
become necessary to specialize. One group of specialists, the scientists, 
continue to delve after nature’s secrets in order to add to the store of 
human knowledge; another group, the engineers, work to make appli- 
cation of discovered laws to meet the needs of humanity. 

The engineer must know these laws and must be familiar with their 
application in order that he may be able to aid the race in development 
and improvement of its life. One of the most important of his problems 
results from the fact that man’s body cannot supply the power required 
to carry out the conceptions of his mind. To solve this problem the 
engineer draws on nature’s store of energy. 

In general, the energy of nature’s store is not directly available for 
human uses; it must be changed in kind or quality, transmitted through 
space, and made available at times of demand. The engineer must 
provide means for effecting these results. 

One of the best examples of such changes is furnished by the 
conversion of heat energy into the mechanical form by means of heat 
engines. ‘This conversion is of great importance, because the world 
demands enormous supplies of mechanical energy and because immense 
stores of easily transportable fuel are distributed over the earth near 
its surface. This fuel has potential heat energy, which may easily be 
made available by combustion. It is then the duty of the heat engine 
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to convert as large a part as possible of this energy into mechanical 
work, at such rates as may be needed, or, in other words, to supply 
power as required. 

(b) The term Thermodynamics is often applied broadly to mean 
the science which deals with the relation between thermal and the many 
other forms of energy. Since these other forms may be mechanical, 
electrical, chemical, or biological, the subject is a most extensive and 
fundamental one. As limited to engineering, and as used in this text, 
thermodynamics is that branch of science which deals with processes 
whose only significant aspects are thermal and mechanical ones. In 
connection with it the properties of gases and vapors are investigated 
for the purpose of determining the energy transformations involved in 
heat engines, refrigerating machines and gas compressors. 

(c) Thermodynamics is based on the study of the behavior of real 
bodies, in terms of characteristics which can be seen or felt,—such as 
pressure, volume, temperature and velocity. From the observed 
relations of these characteristics are established by definition new 
quantities, such as heat, work, energy and others that are to follow, 
which are not as obvious to the senses. Often a mental picture of just 
what happens during a thermodynamic transformation may be developed 
from accepted views of the constitution of matter, the action of mole- 
cules, etc., but it must be remembered that this is done only to assist 
the memory and to satisfy natural curiosity. In no way do the findings 
of thermodynamics depend on such speculations; its entire structure 
rests upon observed relations between measurable quantities that are 
directly determinable by experiments on actual bodies. 

(d) Heat-Power Engineering designates that branch of engineering 
which deals with combustion, heat transfer, thermodynamics, heat- 
power apparatus, power plants, their economics, and related subjects. 

2. Energy.—Whenever a body is capable of doing work by changing 
its state or condition it is said to possess energy. The velocity, pressure, 
specific volume and temperature of a body commonly determine its 
state and it is the changes in such characteristics that release some 
energy and makes it available for doing work. The characteristics 
mentioned are not the only ones that exist; others that the engineer 
uses because of their convenience will be introduced later. 


3. Heat a Form of Energy.—It has been shown experimentally that 
heat can be produced by the expenditure of other forms of energy, and 
also that other forms of energy can be produced by the expenditure of 
heat. Therefore it is justifiable to conclude that heat is a form of 
energy. 

All bodies that man knows possess some heat energy; and whatever 
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the material or state of a body may be, it is usually possible to obtain 
part of the heat energy from it. It is not known exactly how this 
energy is stored in matter, but it is certainly possible, and it seems 
probable, that it is in some way associated with the motions and relative 
positions of the constituent particles. Beyond this it is not necessary 
to generalize here in the present state of knowledge. 

4. Solar Heat.—Heat for human use probably all comes, directly or 
indirectly, from the sun. This heat is applied directly to produce a 
sufficiently high temperature on portions of the earth’s surface to 
render plant growth and animal life possible. 

Heat engines have been built which convert into mechanical energy 
heat directly from the sun; but, because their bulk is great in proportion 
to the energy transformed, and because the sun’s rays are not always 
available when needed, and also because of their relatively large cost, 
such engines have not as yet been commercially successful. 

The energy of the sun’s rays is applied indirectly through the agency 
of plant growth and geologic processes to produce stores of fuel in the 
earth’s crust. Heat energy, indirectly from the sun, may be evolved for 
human use from this fuel. 

Also the sun’s rays falling upon water surfaces cause evaporation 
whereby heat is converted into mechanical energy. This energy lifts 
the water vapor, which is again condensed and falls upon the earth’s 
surface as rain or snow. ‘The resulting water flowing to its original 
level prepares the soil for plant growth; it irrigates plants and turns 
water wheels to supply mechanical energy. 

Heat may be derived from mechanical energy, electrical energy, 
or from the chemical combination of certain elements. In most cases 
the ultimate source of the energy is probably the sun. 

5. Heat from Mechanical Energy.—Primitive man generated heat to 
kindle fire by rubbing two sticks together. In such processes the 
mechanical energy due to the muscular effort that moves the sticks 
reappears as heat. This heat is derived indirectly from the sun, since 
the sun’s energy makes possible animal life and therefore muscular 
effort. 

The engineer is familiar with the production of heat by machine 
friction. This conversion is undesirable, since mechanical energy, 
which should be available for useful purposes, becomes useless heat. 
The same change occurs when a machine is retarded or stopped by a 
friction brake. This is a useful change, however, since mechanical 
energy, which cannot be used and which may become dangerous, 1s 
dissipated as heat and rendered harmless. 

In general, heat for human use is not derived from mechanical 
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energy because it may be obtained in other ways more conveniently 
and at much less cost. 

6. Heat from Electrical Energy.—The conversion of electrical energy 
into heat is illustrated by every electric conductor that carries a cur- 
rent; for, though the reason may be unknown, heat results whenever 
an electric current flows. The heat is always a loss if the delivery of 
maximum electrical energy is the object of the flow; but it would not be 
a loss if heat were the object, as in electric furnaces and stoves. 


7. Heat from Chemical Reaction.—(a) When some substances 
react chemically heat is liberated, and in other cases it is absorbed. 
According to the physical-chemist, every chemical system has a certain 
total energy content, part of which is in the form of heat energy, and 
the balance may be called chemical potential energy which is not avail- 
able until some reaction occurs. During a reaction there is an inter- 
change between these two forms of energy, and this results in a redis- 
tribution, but the aggregate total energy remains constant. To secure 

a supply of heat from chemicals it is necessary to utilize systems that 
form new compounds by reactions in which there is an increase of heat 
at the expense of the chemical potential energy. 

(b) To illustrate, consider the production of heat by the combina- 
tion of carbon and oxygen to form carbon dioxide. The total energy 
of the system of carbon and oxygen is exactly the same as that of the 
resulting carbon dioxide, but the distribution is different. Initially, 
with carbon and oxygen merely mixed together at ordinary temperatures, 
there is comparatively little heat energy and a rather large measure of 
chemical potential energy. After the reaction the chemical potential 
energy with respect to this particular case has been reduced to zero, 
since carbon dioxide is an inert gas, and all of this energy has been 
transformed into heat energy which is available for removal as heat 
if the carbon dioxide be cooled to the initial temperature, or this heat 
energy is partially available for the development of work if the com- 
bustion has taken place within an engine cylinder, in which the carbon 
dioxide can be allowed to expand. 

The usual source of heat in engineering is from the combustion of fuel 
whose constituents react in various ways with oxygen to form new com- 
pounds. These reactions and amount of heat resulting therefrom will 
be considered in detail in the chapter on Combustion. 

8. Units of Heat.—The unit of measurement of energy is usually 
based upon some effect produced by the kind of energy involved. 
Under certain conditions a rise in temperature of a body is one of the 
most obvious phenomena connected with the addition of heat to it, 
and this effect is used as the basis for defining the unit of heat energy. 
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In the United States the unit of heat energy commonly used by 
engineers is known as the British thermal unit (B.t.u.) and is defined 
as follows: 

One British thermal unit ts zy of the amount of heat required to 
raise the temperature of a pound mass of pure water from 32 to 212 deg. 
fahr., the pressure being kept constant at 14.70 1b. per sq. in. abs.! (212 
—32=180.) 

The gram-calorie, the kilogram-calorie, and the pound-calorie are 
units of energy commonly used in the measurement of heat by engi- 
neers in other countries. 


9. Units of Work, Power and Torque.—(a) Work is the action 
of a force in displacing a resistance through a distance, and is measured 
by the product of the force multiplied by the distance moved in the 
direction of the force. One unit of work is the foot-pound, which is the 
amount of work done by a force of one pound acting through a space of 
one foot. This unit is too small for convenient use in many instances, 
and therefore much larger units are in common use, especially in power- 
plant studies. Since work and heat are each forms of energy, the 
B.t.u. may be employed as a unit of work. The relation between these 


two units is 
1 Bit.u. = 778 ft-lb.? 


It is customary to use the symbol J to represent the quantity 778, and A 
for its reciprocal, namely 775. 

(b) Power is the rate at which energy is expended or consumed. 
This definition does not require that energy be expended as mechanical 
work; it can be expended in other forms. For example, it is proper to 
speak of the power of an electric light, or of an electric toaster, or of other 
forms of energy-consuming apparatus. The two most common units 
of power used by engineers are the horsepower (hp.) and the kilowatt 
(kw.). It is convenient to remember that 


1 hp. = 33,000 ft-lb. per min. = 2545 B.t.u. per hour. 
and 1 kw. = 1.841 hp. = 3413 B.t.u. per hour. 


(c) Since power is the rate at which energy is expended, the prod- 


1 Where extreme accuracy is not important the British Thermal Unit may be 
taken as the heat required to raise the temperature of 1 lb. of water 1° F. With 
this assumption, however, there may be a small error as the amount of heat needed 
for the one degree rise varies slightly with the temperature and depends on the 
purity of the water. 

2 The experimental difficulties encountered in the determination of this relation 
are so very great that there is some uncertainty regarding the value of the third 
significant figure. 
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uct of power multiplied by the time during which the power is used 
represents a definite quantity of energy. For large composite units of 
energy engineers commonly use the horsepower-hour (hp-hr.) and the 
kilowatt-hour (kw-hr.), which have the following respective values: 


1 hp-hr. = 1,980,000 ft-lb. = 2545 B.t.u. 
1 kw-hr. = 1.341 hp-hr. = 3413 B.t.u. 


I 
ll 


The relation between the various units is given in Table I. 


TABLE I 
Units or Power AnD ENERGY 


(a) Units of Power 


Foot-pounds B.t.u. 
Hp. Watts | Kilowatts Joules 
= per sec. 
per sec.|per min.| per sec.|per min. 
Horsepower (hp.)......| 550 33,000 | 0.707 | 42.42 1 745.7 | 0.7457 745.7 
Kilowatt (cw... ser 737.55} 44,253 | 0.948 | 56.88 | 1.341 1000 BY 1000 
(6) Units of Energy 
Foot-pounds B.t.u. Hp-hr. | Watt-hr.! Kw-hr. Joules 
Horsepower-hour 
(ap-hr.) jaccce te esc 1,980,000 2545 1 745.7 0.7457 2,684,000 
Kilowatt-hour (kw-hr.). 2,655,000 3413 1.341 | 1000 1 3,600,000 


1 B.t.u.= 778 ft-lbs. (Symbol J= 778.) 1 ft-lb.= = B.t.u. (Symbol A = ;) 


Note. In all heat-power computations engineers generally use the standards that are givenin 
the “Code of Definitions and Values’’ of the Am. Soc. of Mech. Engineers. Table I conforms 
to this code. 

(d) The torque of an engine shaft, or other rotating element, is its 
turning moment, which is measured by the product of the force and 
the perpendicular distance from the axis of rotation to the line of action 
of the force. The customary units of torque are the pound-foot, or the 
pound-inch. 

If a shaft with a torque of 7, lb-ft. is rotating at N revolutions per 
minute, the horsepower transmitted by it will be 


ar N Loe, 
33,000 5252 
and if the torque is in pound-inches, 


etNGL Pie 
hp. = 63,024 = 0.000,015,87 NT. : : . Cian (1a) 


hp. = = 0.000,1904 NT, . .. (1) 


FIRST LAW OF THERMODYNAMICS is 


10. The Working Substance.—(a) One of the important factors 
relating to a heat engine is the so-called working substance which is made 
to flow through the power plant, absorbing heat-energy at some point 
and then transforming a portion of this energy into work as it passes 
through the engine. In the steam power plant the working substance 
is the steam; and in internal-combustion engines it is the air and other 
gases that pass through the cylinders. The same kind of working 
substance may be used in different types of heat engines,—for example, 
steam is used in reciprocating engines and also in turbines. Further- 
more, in a given type of heat engine various kinds of working substances 
can be used,—thus, there are steam turbines, mercury turbines and gas 
turbines. 

(b) In the common type of refrigerating plant a working substance 
is used for the purpose of absorbing heat from bodies that are to be 
cooled. It is then compressed, in a compressor or “ heat pump,” by 
means of energy supplied from an outside source, until its temperature 
has become high enough to permit the transfer of a portion of its heat 
to some other convenient body,—usually water at about atmospheric 
temperature,—which carries it away. 

(c) The choice of a suitable working substance for any given case 
is a matter of great importance since it affects the size and operating 
characteristics of the plant to a marked degree, and in making such 
selection much information is required concerning the properties of 
various substances over the wide ranges of pressure, volume, and tem- 
perature which are found in power plant apparatus. 

11. Conservation of Energy and the First Law of Thermodynamics.— 
(a) It seems to be one of nature’s great universal laws that energy can- 
not be created or destroyed. Experience and experiment have tended 
to establish this law, and now there is no reason to doubt that it holds 
throughout the universe. This Law of Conservation of Energy may be 
stated as follows: Energy cannot be created or destroyed: but all forms 
of energy are mutually interconvertible, wholly or partially. 

(b) The Law of Conservation of Energy, when limited to heat and 
mechanical energy, is called the First Law of Thermodynamics, and it 
may be stated thus: Heat and mechanical energy are interconvertible and 
can neither be created nor destroyed 

From this law it follows that: <A definite amount of heat disappears 
for each unit of mechanical energy produced from heat; and, conversely, 
this same quantity of heat is produced from each unit of mechanical energy 
expended in any way in producing heat. It should be noted, however, that 
this does not imply that all the energy present in one particular form must 
be always converted completely into the other form in each instance. 
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(c) In any heat engine only part of the energy supplied as heat 
appears as mechanical energy. As will be seen more clearly later, 
this is not because energy is destroyed, but because part escapes con- 
version and leaves the engine still in the form of heat. However, each 
B.t.u. that is converted is transformed into a definite amount of work, 
namely 778 ft-lb. 

(d) In order to do mechanical work there must be motion, and in all 
real cases the motion meets with resistance of some form. Anything 
that resists motion takes away energy; thus, friction might take away 
heat; a belt might take away mechanical energy; a metallic circuit 
might take away electrical energy; and if the motion produces sound, 
energy is taken away by sound waves in the air. If any energy what- 
ever were thus taken away by resistance, and the machine continued 
in motion without receiving a continual supply of energy, it would have 
to give out energy that it did not receive. All experience, however, 
shows that it is impossible to build a machine which will run contin- 
uously without some supply of energy. Energy cannot be created and 
perpetual motion cannot exist. The actual machine would slow 
down and ultimately come to rest. : 

12. The Second Law of Thermodynamics.—(a) It is a matter of 
common observation that in a steam engine, for instance, the steam 
exhausted after doing work still 
contains a considerable quantity of 
heat, and that its temperature is 
lower than that of the steam sup- 
plied to the engine. 

This phenomenon of receiving 
heat from a working substance at a 
high temperature and rejecting some 
of the heat while the substance is at 
a lower teraperature, with failure to 
transform into work all of the heat 
supplied, is characteristic of every 
real engine, no matter how perfect, 
and will be shown later to be true 
Fic. 1—Diagrammatic Representation ®so of every ideal engine. The 

of a Heat Engine. operation of all such engines is 

pictured graphically in Fig. 1. Heat 

energy flows from reservoir I at the high temperature, 71, into the 

engine. ‘There part of it is converted into mechanical energy, as shown 

by the stream Wk flowing out to the right, while the rest of the energy is 
absorbed by the receiver II at the lower temperature J. 
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(b) Calling the quantity of heat supplied in a given time Q1, the 
mechanical energy leaving Wk, and the quantity of heat leaving Qo, it 
follows from the conservation of energy that 


Wk + Q2 = Q1. 
Wier ee On ta A dirt Ts 5, 


This rearranged gives 

from which it immediately appears that the smaller Qo is, the greater 
will be the work resulting from the use of a given quantity of heat, Q:. 
But all observation indicates that Qo can never be made zero. 

(c) Experience has shown in every case, even if friction could be 
entirely eliminated, that a machine can convert into mechanical energy 
only part of the heat supplied to it, that it must reject the remainder, 
Qo, and that this rejection must be by means of a working substance 
at a lower temperature than that at which this substance received heat. 
This is summed up in the so-called Second Law of Thermodynamics as 
follows: 

No machine, actual or ideal, can both completely and continuously 
transform heat into mechanical energy.* 

(d) If such complete transformation could be effected continuously 
it would lead to a form of perpetual motion. But as long as heat must 
be exhausted with the working substance at a lower temperature than it 
had during the absorption of heat, the possibility of obtaining mechan- 
ical energy from heat discontinues as soon as the temperature of all 
material in the universe has been dropped to the lowest attainable value. 

(e) Continuous and perpetual conversion of heat into mechanical 
energy would be possible if the necessity of exhausting heat to a body at 
lower temperature than the source of supply were removed; for then it 
would still be possible to continue the conversion after all means of 
obtaining temperature difference had been used up,—that is, after all 
substances had been reduced to the lowest attainable temperature. As 
all mechanical energy eventually passes back into heat energy, gen- 
erally to bodies at low temperature, through friction and allied phe- 
nomena, there would be no danger of the supply of heat from these low 
temperature bodies giving out, hence, the cycle would be an endless 


3 There are almost as many statements of the Second Law as there are authors 
of books on Thermodynamics. It is believed that the statement here given is the 
most satisfactory one for the purpose of this book. The statement by Clausius is: 
It is impossible for a self-acting machine unaided by an external agency to convert heat 
from one body to another at higher temperature. As given by Kelvin: It is impossible 
by means of inanimate material agency to derive mechanical effect from any portion of 
matter by cooling it below the temperature of surrounding objects. 
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one, consisting of the transformation of heat into mechanical energy, 
the retrogression of this form of energy to heat, the conversion to the 
mechanical form again, and so on ad infinitum. But such form of per- 
petual motion is impossible even in imagination. Thus, as both the 
complete and continuous conversion of heat into mechanical energy 
are impossible, the conclusion is that the second law as stated must be 
true. 


13. The State of a Substance.—(a) A working substance may 
be in any one of the four* “ states of aggregation ” or phases,—solid, 
liquid, vaporous or gaseous; it may change from one phase to another, 
it may have a mixture of phases, and it may have various temperatures 
and pressures, which may be constant or changing. The mere state- 
ment of phase is not sufficient information for the engineer to determine 
what he calls the exact ‘ state,’”’ or condition, of the working substance 
at any time during a process which he desires to study. To specify 
completely the state of a known mass of working substance, sufficient 
additional information must be given to determine its condition in 
detail. The properties which the engineer most commonly uses to 
specify the state of a substance are: pressure, volume, temperature, 
kinetic energy, internal energy, “‘ heat content’ and entropy. Usually 
the state is fully determined by knowing any two of these properties.. 
The meanings of the special terms “ internal energy,” “ heat content ”’ 
and “‘ entropy ” will be given later; the other terms are defined in this 
section. 

(b) The pressure of the working substance means the force exerted 
by this substance on each unit of area of the surface of the container. 
“Absolute pressure’ is used in all calculations in thermodynamics, but 
“gage pressure”’ is the value read from the ordinary pressure gage. 
Absolute pressures that are greater than atmospheric are equal to the 
gage pressures plus the atmospheric pressure, all, of course, being 
expressed in the same unit. 

Atmospheric pressure often varies widely from day to day and place 
to place, hence its value should always be determined at the place and 
time needed, a mercury barometer being generally used for the purpose. 
The standard atmospheric pressure adopted for international use is that 
which supports a column of pure mercury 760 mm. high (29.9212 in.) 
at 32 deg. fahr., and at a location that has the standard acceleration 
due to gravity. The corresponding pressure in pounds per sq. in. is 
14.693. The value 14.7 Ib. per sq. in. is often used for the atmospheric 

‘The physicist usually considers but three states of aggregation,—solid, liquid 


and gaseous, the vapor phase being included in the latter; but as the engineer has 
great use for both vapors and gases they are considered distinct in this text. 
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pressure in determining relatively high absolute pressures, such as those 
in steam boilers, but this value is not accurate enough for determining 
very small absolute pressures, such as those in steam condensers. 

(c) Pressures less than atmospherie are often used in steam power 
plant work. The instruments used for the determination of such 
pressures are called vacuum gages, and values obtained from them are 
subtracted from the atmospheric pressure in order to obtain the absolute 
pressure. Usually vacuum gages are graduated to read pressures in 
inches of a column of mercury which is at some definite temperature. 
At 32 deg. fahr. one cubic inch of mercury weighs 0.4912 lb. 

(d) The volume of the working substance means the total space 
filled by the particular amount of substance under consideration. The 
specific volume is the volume of a unit weight of the working substance 
existing under the conditions specified. 

(e) The temperature of any substance is its thermal condition 
which determines the tendency of this substance to give or receive 
heat from other bodies; or it may be said to be a measure of the molecular 
activity of the substance. It is measured ordinarily by thermometers. 
The zeros of the temperature scales in common use are arbitrarily chosen 
ones. The absolute zeros on the Fahrenheit and Centigrade scales are 
defined in Sect. 65. 

14. Kinetic Energy.—A body is said to have kinetic energy when it 
has capacity for doing work through change in its velocity. If a body 
have its velocity reduced it will do work on other objects, and if its 
velocity be increased, work must be done upon it from an outside source. 
It can be shown that if the velocity of a known mass having a weight w, 
changes from v, to v, then the amount of work done by the body is 


Wk = 5(2) X (oo? — Hi). . es 3) 


If vs is greater than v, this equation gives a negative result, which means 
that the work has been done wpon the body. The work will be in foot- 
pounds if the velocities are measured in feet per second, w in pounds, 
and g in feet per second per second.® 

The kinetic energy of a body whose velocity is v, is given by the 
equation 


GIES ee eh aor Mn wi rth ic eal! ae, (A) 


5 The standard value of g is 32.174 ft. sec. per sec., and is very closely equal to 
its value at sea level and at latitude 45°. For ordinary computations 32.2 is fre- 
quently used. 
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15. Transferring, Transforming, and Storing Energy.—In many 
calculations relating to heat engines, it is very essential to have the 
beginner realize as early as possible the distinction between the three 
following quantities: (1) the heat transferred as heat to or from a working 
substance during a given process; (2) the heat that may be transformed 
into another form of energy, such as the work done during the process; 
and (3) the energy that is stored within the working substance at the 
beginning or end of the process. The determination of the quantity 
of heat that is transferred from one body to another under many dif- 
ferent conditions is not always a simple matter and the best method of 
accomplishing it will depend upon many factors which will be discussed 


in, later chapters. 
"A 16. Internal Energy.—(a) As a result of experiments it is known 


that energy may be expended upon a substance, either by transferring 
heat to it or by doing work upon it,-and that this expenditure may, or 
may not, increase the amount of energy stored within the substance. 
To distinguish between this stored energy and the other energy quan- 
tities, the former will be called the znternal energy. As used by engi- 
neers, internal energy, or intrinsic energy, is the energy possessed by a 
substance due to the velocity of its molecules and also due to its molecular 
arrangement which may, in general, be such that the substance may 
exist either as a solid, liquid, vapor or gas.® 

(b) Since the internal energy is believed to consist of the kinetic 
and potential energy of the rapidly moving molecules of which the body 
is composed, and since the pressure and volume of any known weight 
of substance determine the arrangement and velocity of its molecules, 
and hence its state, it follows that the internal energy of a substance at 
any time depends only on its state, and is therefore independent of the 
method or process by which that particular state is reached. In this regard, 
internal energy is similar to pressure, volume and temperature; but it 
is different from each of them with respect to its measurement. Pressure, 
volume and temperature may each be determined directly by physical 
measurements. On the other hand, the absolute value of the internal 
energy of a substance cannot be measured directly by any instrument, 
nor can this energy ever be reduced to zero; but differences in this quan- 
tity can readily be determined. 

(c) The engineer is usually concerned only with the difference of 
internal energy of a substance in two distinct states, just as he is 
ordinarily interested in the difference in altitudes rather than the abso- 

6 The physicist uses the term ‘‘internal energy’? more broadly as applying also 


to the structure of the atoms of which the molecules are composed, but the narrower 
application is sufficient for the engineer’s needs at present. 
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lute elevations of two bodies which he desires to compare. Hence, the 
internal energy can be referred to any conveniently chosen state in 
which the internal energy is arbitrarily considered zero. The selec- 
tion of the particular state to represent the zero of internal energy is 
important only in so far as it relates to convenience and uniformity; 
but it should be noted that temperature alone does not always suffice 
in specifying it. For example, the internal energy of a given weight of 
water at 32 deg. fahr. is different from the internal energy of the same 
mass in the form of steam at this temperature. The lack of agreement 
is due to the fact that the steam at 32° has a large amount of internal 
energy stored within it due to the energy expended in evaporation. 

(d) The symbol J will be used to denote the internal energy of a sub- 
stance in any state designated by the subscript attached to this symbol, 
and measured above its arbitrarily chosen zero. AJ will designate the 
gain in internal energy between any two states under consideration, as 
indicated by the subscript; thus, Ala. = I, — Iq. This equation is 
read as follows: the gain in internal energy between the states a and b 
is equal to the internal energy at b minus the internal energy at a, each 
being measured above the same arbitrarily chosen zero. 


17. The Heat Content.’7—(a) In modern engineering the ‘ heat 
content ”’ of a substance is one of its most important properties, espe- 
cially if the substance is a vapor. By definition of the term, the heat 
content, H., of any substance in any given state a is equal to the internal 
energy, I., of the substance plus the ‘‘APV-product or quantity,” 
AP.V., taken for the given state a, the energy quantities being expressed 
in the same units. Then, according to this definition,’ 


ieee 1G eA Vie, eae ee ee) 


In this country each term of the above expression is usually given in 
B.t.u., P. is the pressure in lb. per sq. ft.,V. is the volume in cu. ft. and 
the symbol A is equal to 775. | 

(b) The term AP.V, in Eq. (5) is equivalent to the energy that 
would be expended if the substance having the volume V,, should be 


7 The term “heat content’’ will be used very frequently later when dealing with 
vapors and this section should be reviewed when starting that subject,—or possibly, 
it may be omitted until that time. It is introduced here to emphasize its significance 
and because it may be conveniently applied to all gases as well as to vapors. 
There are many calculations, such as those relating to the steady flow of gases 
through a centrifugal compressor, which may be simplified by its use. 

8 This quantity, Ha, is often called the ‘‘total heat’? and occasionally other 
names are used for it. It is important to distinguish the modern definition here 
given, and which is now being generally adopted throughout the world, from the 
old definition of “total heat” as given by Regnault in 1847. 
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forced into, or out of, a vessel against the constant pressure P., corre- 
sponding to that at the given state. Since the internal energy is 
measured above an arbitrarily chosen zero the numerical value of the 
heat content of a substance in any particular state will also depend 
upon this same datum. So long as the same zero of internal energy 
is used in all calculations, the results will be just as useful as though an 
absolute zero of internal energy had been used, since it is the differences 
of the heat contents of the same substance in distinct states which are 
desired. 

(c) Referring to Eq. (5), it is evident that the heat content of a 
body can be changed by varying either one, or both, of the terms J and 
APV. Toillustrate, consider a cubic foot of water at 32 deg. fahr. con- 
fined in a vertical cylinder, under a perfectly tight but frictionless piston 
which is so loaded as to cause the absolute pressure of the water to be, for 
example, 100 lb. per square inch. The heat content of the entire weight 
of water in this state will have a definite value. First, with the pressure 
maintained constant by the frictionless piston, let heat be added to the 
water, but not enough to cause the formation of vapor. The tempera- 
ture of the water will rise and this increases the internal energy,— 
and consequently the heat content. The term APV will increase a 
very slight amount due to the small expansion of the water, but 
this is relatively so little for this case that the change in the heat 
content of the water is due almost entirely to the increase in its internal 
energy. 

(d) On the other hand, consider an entirely different process,— 
one in which no heat is added, but one having a large increase in pressure. 
Starting, as before, with 1 cu. ft. of water in the cylinder with its initial 
pressure 100 lb. per square inch and its temperature at 32 deg. fahr., the 
APYV-quantity is 100 X 144 X 7+ = 18.52 B.t.u. Now, if the load 
on the piston is increased until the absolute water pressure becomes 
1100 lb. per square inch the APV-quantity becomes 1100 x 144 x 
ars = 203.7 B.t.u. Hence the heat content of this water has been in- 
creased 185.2 B.t.u., not by adding heat, but merely by increasing the 
pressure.9 

(e) This last illustration emphasizes the fact that, while the name of 
this quantity, “heat content,” seems to imply that it is always directly 
related to heat addition or subtraction, such is by no means the case. 


» Actually, when the pressure is raised the volume of the water will be decreased 
slightly (about 3 parts in 1000) and accordingly a small quantity of work will be 
expended on the water which will slightly increase the internal energy and conse- 
quently the heat content. But the relative amount of energy involved in this 
instance is so small that it has been considered negligible in this illustration. 
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In many instances, as will appear in the following pages, the heat con- 
tent of a body undergoes very great changes in value in processes in 
which no heat is transferred to or from that body. For this reason, 
this term is far from satisfactory for this very important property, but 
until a better name is adopted by engineers it will continue in use. 
When applying it the beginner should always think of the definition 
of the term rather than the strict significance of the words compos- 
ing it. 

(f) It should be noted very carefully that since the internal energy 
and APV both have definite values as soon as the state of a substance 
has been determined, the same is also true of the sum of these two; 
hence, the heat content must be a fixed quantity for a given state of a sub- 
stance, and this 1s so regardless of the process by which that particular state 
as reached. 

18. Notation.—(a) Whether the working substance be in the liquid, 
vapor, or gaseous phase, there are certain common properties which 
must be considered and therefore a common set of symbols will be used 
for them, as follows: 

A= rE) 

= absolute pressure, in pounds per square foot; 

= absolute pressure, in pounds per square inch; 
= absolute pressure, in inches of mercury; !° 
= temperature in degrees Fahrenheit; 
= absolute temperature in degrees Fahrenheit, = ¢ + 460; 
= weight of the working substance, in pounds; 
= internal energy of w pounds, in B.t.u.; 
= specific internal energy in B.t.u. per pound, = J/w; 
volume of w pounds, in cubic feet; 
= specific volume, in cubic feet per pound, = V/w; 
= velocity, in feet per second; 
= heat content of w pounds, in B.t.u.; 
= specific heat content, in B.t.u. per pound, = H/w; 
S or ® = entropy of w pounds; 
s or ¢ = specific entropy, = S/w or ®/w; 

Qa» = The quantity of heat added to the working substance during 
the process ab; 
Wk. = The work done by the working substance during the process 
ab. 


(b) It should be noted that the use of the letters 7, h V, $ or n, for 
specific values and the corresponding capitals for the entire amount of 


3 
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10 The temperature of the mercury is assumed to be 32° F. 
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working substance under consideration becomes of importance only in 
cases in which the weight is different from unity and in which specific 
values may be determined directly from tables or charts. 

(c) For those symbols that are used to represent the state of a sub- 
stance (P, V,v, T, I, ®, and H), appropriate subscripts are to be 
attached to indicate the particular states under consideration. Also 
the Greek letter A will be used with these symbols to designate the 
gains, or losses, in the quantities between the two states indicated by 
the two subscripts; thus: 


For the gains For the losses 
AH, = H, — H, AH. = H,— H, 
Alan =I, — I, ATpe= 10 de 
Aga = > — da Aga = $a — $b 


Similarly for pressures, volumes, temperatures and velocities. 
Other symbols will be introduced throughout the text as needed. 


CHAPTER II 
HISTORICAL OUTLINE 


The following history of some of the developments that have taken 
place in the application of heat to the production of power is necessarily 
very brief, and only a few outstanding names and inventions are given. 
It is hoped that the discussion given here will be augmented by supple- 
mentary reading. (See references at the end of the chapter.) 

19. Dawn in the Use of Heat for Developing Power.—(a) The 
earliest device known for the production of power from heat is the steam 
engine described by Hero of Alexandria (about 120 B.C.), which is illus- 
trated in Fig. 2. This was really a “ turbine ” of the “‘ reaction ” type, 
in which the issuing jets of steam caused the hollow sphere to rotate 
on the pipe-like trunnions through which the steam was supplied from 


Fig. 2.—Hero’s Reaction Turbine Fig. 3.—Branca’s Impulse Turbine 
(120 B.c.) (1629). 


the boiler below. Hero also described the use of heat to cause air in 
chambers to expand and displace fluids, and mysteriously to cause 
libations to flow onto altars, temple doors to close, images on a merry- 
go-round to move and weird noises to occur. 

(b) History is then silent until the beginning of the 17th century 
when a few attempts were made to use steam for forcing water from 
chambers to higher levels. About this time (1629) Branca described an 
“impulse ” type of turbine, Fig. 3, in which steam flowing from a nozzle 
impinged on the vanes on a wheel which, through suitable shafts and 
cog wheels, could drive a stamp mill for pulverizing ore. This inven- 
tion was probably never used in practice. 

20. Early Applications.—At the end of the 17th century miners 
encountered great difficulty in removing large accumulations of water 

17 
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from deep shafts. In 1663 the Marquis of Worcester described a steam- 
pumping apparatus, which was later improved by Savery (about 1700) 
and widely applied to mines, often several being used in series for pump- 
ing from great depths. The device consisted of a boiler, the necesssary 
piping, hand operated cocks, and two cylinders which were used alter- 
nately. With the proper manipulation of the cocks, it functioned as 
follows: Starting with one cylinder filled with water, steam under pres- 
sure was admitted to it to discharge the fluid to the desired height. This 
steam was then condensed by applying water to the exterior of the 
cylinder, and the vacuum thus formed therein permitted the vessel to 
be again filled with water ready for a repetition of the process. While 
one cylinder was discharging water the other was being filled. The 
boilers were 24 ft. in diameter, with soldered joints and had no safety 
valves, although gage pressures as high as 45 lb. per square inch were 
common, and sometimes 120 and even 150 lb. were used. In some 
mines these pumps replaced several hundred horses that were used for 
water removal. The pumps were 
also applied to supply water for 
houses and for driving waterwheels. 
The Worcester and Savery pumps 
were ‘‘ pressure engines,”’ the steam 
pressures used being relatively 
high. About this time a steam 
“digester,” or pressure cooker, 
was used with pressures as great 
as 1500 lb. per square inch. This 
device had a safety valve. 


21. Beam Engines.—In 1690 a 
water-packed piston was invented, 
and about 1700 Newcomen used 
a vertical cylinder with such a 
piston to drive one end of a 
centrally pivoted walking beam, 

Fig. 4.—Newcomen’s Beam Engine see Fig. 4, the other end of 
(1700) which operated a reciprocating 

pump by means of a rod which 

was sufficiently heavy to return the piston to its upper position 
after the completion of its down, or working, stroke. With the piston 
at its highest position, steam at atmospheric pressure was admitted to 
the cylinder, after which a quantity of water was injected to condense 
the enclosed vapor and thus form a partial vacuum. The atmospheric 
pressure on top of the piston then caused it to descend, thus operating 
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the pump. After the proper manipulation of cocks the heavy pump 
rod returned the mechanism to its original position, the cylinder was 
again filled with steam and the process repeated. The cocks to regulate 
the steam and condensing water were originally operated by hand. 
Later it was discovered that the control levers could be moved at the 
proper times by suitable tappet rods connected to the beam, and this 
constituted the first self-acting “‘ valve-gear.’”’ The boiler had a sheet 
copper bottom and its upper part was of sheet lead. It was provided 
with gage cocks and a weighted safety valve. Subsequently others 
improved the design. They inserted rope, or leather, in grooves to pack 
the piston, and they lubricated it with tallow. The condensate was 
used as feedwater, the boilers were constructed of } in. iron plates and 
engine cylinders as large as 6 ft. in diameter were used. These were the 
first engines to have trains of mechanism. They were naturally called 
“vacuum engines,” the boiler pressures being about atmospheric. 
They were “ single acting,” as they did work only during the downward 
movement of the piston, and they made from 10 to 16 strokes per minute. 
Such engines were widely used in collieries and for other purposes for 
about three-quarters of a century. 

22. The Father of the Steam Engine.—The mathematical instru. 
ment maker, James Watt (1736-1819), while repairing a small model of 
the Newcomen engine (1763) was impressed with the great waste of 
steam caused by the alternate chilling and heating of the cylinder walls, 
and saw that those walls should be kept as hot as the entering steam. 
Being scientifically inclined, and becoming interested in the possibilities 
of the steam engine, he tested the performance of the model, invented 
many improvements and experimented with the properties of steam. 
To reduce the condensation of the entering steam he used a condenser 
that was separate from the cylinder and that had an independent air 
pump to remove from it the accumulations of water and air. This 
change saved three-quarters of the steam and coal previously needed. 
Later he lagged the cylinder with nonconducting materials and sur- 
rounded it with a steam jacket. He discovered that if steam was 
admitted until one-quarter of the stroke was completed and then was 
cut off and allowed to drive the piston by its expansion through the 
remainder of the stroke, that about 2.4 times as much work could be 
done per pound of steam (or of coal) as before. He applied this principle 
of expansion to his engines and also made them double-acting. See 
Fig. 5. The walking beam was retained and to guide the upper end of 
the piston rod he invented the well-known ‘‘ Watt straight-line motion.” 
To obtain rotary motion to operate machinery, which was previously 
driven by windmills or waterwheels, a connecting rod attached to the 
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other end of the beam was used to rotate a shaft. As someone else had 
patented the crank, he adopted temporarily the “sun and planet me 
gear in its place; and to steady the rotative effort he used a flywheel on 
the shaft. He opposed using high steam pressures and usually employed 
gage pressures of about 7 Ib. per square inch. The engines had poppet 
valves, and he invented the 
> smaisn, (first engine governor (the 
Mine Motjon —<¢ Watt. fyball governor) 
which controlled the throttle 
valve and maintained the rota- 
tion at a substantially constant 
speed. Among his other inven- 
Jacket tions are the glass water-gage, 
for showing the water level in 
a boiler, and the steam engine 
“indicator,” for determining 
graphically how the pressure 
Ke aca within the cylinder’ varies 
Fic. 5.—Elements of Watt’s Engine. throughout the forward and 
return strokes. He established 
the value of the ‘ horsepower’? which is still in use. Thus to 
Watt, between the years 1764 and 1786, can be attributed most of the 
elements needed in the development of the modern steam engine. 
The ‘compound engine” he overlooked, and this was invented by 
Hornblower in 1781. 

23. Steam Carriages and Locomotives.—Many of Watt’s contem- 
poraries attempted to apply steam to the propulsion of road carriages. 
In 1802 Trevithick, with some success, used for such purpose a high- 
pressure noncondensing engine, the exhaust from which was discharged 
into the boiler stack to increase the draft, an important feature of loco- 
motives to-day; and in 1804 he constructed a locomotive (Fig. 6) that 
operated on wooden rails. 

In 1814 George Stephenson, “ the father of railroads ’’, began experi- 
menting with locomotives, and in 1829 he built the famous “ Rocket,” 
Fig. 7, which at one time attained a speed of 29 miles per hour. His 
son, Robert Stephenson, in 1833, built a locomotive containing most of 
the elements that are retained to-day, and invented the Stephenson link 
reversing valve gear. This locomotive is shown in Fig. 8. 

24. Developments in the United States.—(a) In this country some 
of the earliest uses of steam were for navigation. After experimenting 
with propulsion by means of paddles and by screw propellers, John 
Fitch, in 1790, built a small passenger boat which had a speed of seven 
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miles per hour. In 1804 Oliver Evans constructed his “ Oruktor 
Amphibolis,” a flat-bottom boat, on wheels, which propelled itself 
through the streets of Philadelphia and proceeded down the Schuylkill 
River driven by a paddle wheel. Evan’s engines were noncondensing 


Fia. 6.—Trevithick’s Locomotive (1804). Fie. 7—Stephenson’s “Rocket” (1829). 


and he used relatively high steam pressures. He built many engines 
and boilers to furnish power for mills. In 1807 Robert Fulton, the 
“‘ father of the steam ship,” constructed the szde wheeler “‘ Clermont ” 
which was driven by an engine purchased from Watt. This ship had 
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Fia. 8.—Robert Stephenson’s Locomotive (1833). 


the distinction of being the first to be commercially successful. It 
made regular trips between New York and Albany. 

(b) In 1804 John Stevens constructed a screw propelled vessel which 
was driven by a high-pressure engine which received steam from a 
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“ water-tube boiler” of the ‘‘ sectional” or ‘“ safety ”’ type. After he 
and Fulton had proved the practicality of making steam navigation a 
success, it was rapidly introduced on both sides of the Atlantic. He 
and his sons built many of the most successful of the early Hudson 
River boats. His son, Robert L. Stevens, was largely instrumental in 
developing the type now recognized as the ‘‘ American river-boat.”’ 
He conducted extensive experiments on ship propulsion, and con- 
structed many side-wheel vessels which were propelled by vertical 
engines actuating walking beams overhead. Among his numerous 
inventions still widely used are the Stevens Valve Gear, having wiper 
cams to open and close the poppet valves on the engine; the “ return 
tubular boiler”’; “‘ feathering ” paddle wheels; and the “‘ hog frame,” for 
strengthening shallow ships. In 1842 he started to build the first well- 
planned ironclad battleship. He died in 1856. 

(c) After building his wheeled boat, Oliver Evans asserted that 
carriages propelled by steam would soon be in common use, and should 
excel in speed the swiftest horse. In 1812 John Stevens set forth the 
advantages of steam railways over canal navigation. He proposed 
iron rails as a substitute for the wooden ones used around mines, and 
suggested that the wheels be of cast iron and have flanges. He saw 
nothing to hinder moving at 100 miles per hour. But it was not until 
1829 that the first locomotive was regularly put to work in this country. 
At that time Horatio Allen imported from England a locomotive for 
the Delaware and Hudson Coal Company’s road. In 1831 the famous 
DeWitt Clinton locomotive was built for the Mohawk and Hudson 
Railroad. 

25. Stationary Steam Engines.—(a) The early “ statconary ”’ steam 
engines had slow moving pistons, and low rotative speeds. In the mid- 
dle of the 19th century several types of “ trip cutoff’ valve gears were 
invented, the most successful of which was the “ Corliss gear,’”’ invented 
by Geo. H. Corliss, in 1849, which greatly improved the efficiency of 
engines, and is widely used to-day in modified form. In 1861 Charles T. 
Porter invented the “‘loaded” type of flyball governor and applied it to 
control the Allen valve gear. Later, he introduced the Porter-Allen 
“high speed” type of engine, with fast-moving piston and high rota- 
tive speed. Also he planned a commercial “line” of engines, with 
graded sizes, from which selection could be made to meet the usual 
needs, and with parts interchangeable as far as was consistent. This 
established the practice now generally followed by manufacturers of 
power apparatus. In the 70’s Professor John E. Sweet developed the 
“ Sweet straight-line,” high-speed engine with many new features that 
have been commonly adopted, and he designed and used a “ shaft 
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type of automatic governor,” many forms of which were invented about 
this time. The widely used Rites “ inertia ’’ shaft governor was pat- 
ented in 1894. 

(b) Multistage engines were developed as time progressed, and 
these effected a considerable economy in the amount of steam and 
fuel consumed. Compound engines were quite commonly used, and 
triple and quadruple expansion engines became standard in the marine 
and pumping applications. Steam jacketing, and the reheating of 
steam between the cylinders, were introduced to improve the economy 
still further; and in 1908, Stumpf showed the possibilities of what he 
termed the “ uniflow” engine, which, under certain conditions, with 
a single cylinder, approaches the thermal economy of the ordinary 
multi-cylinder type. 

26. The Steam Turbine.—The turbine principles of Hero and 
Branca seem to have been forgotten until about 1820 when turbine 
patents began to appear. Then followed a period of experimentation 
and development without satisfactory outcome until Charles A. Parsons 
in 1884 showed the possibilities of the multi-stage reaction type and 
Gustaf deLaval in 1889 produced a commercially successful impulse tur- 
bine. The real development of these prime movers, however, began 
with the present century. Now turbines are built from the smallest 
sizes to those that are several times as powerful as any steam engine 
that was ever built, and some are being designed for steam pressures 
and temperatures which until recently were considered prohibitive, and 
for operating cycles previously unknown or believed not feasible. 

27. The Internal Combustion Engine.—FEngines in which the com- 
bustion process takes place within the working cylinder are called 
‘“‘ internal combustion engines.’”’ This type of engine is believed to have 
originated about 1690 when gun powder was experimentally used to 
drive a piston in a cylinder. The first gas engine patent was issued in 
England in 1794. Knowledge of details was gradually acquired and 
the difficulties were progressively overcome until in 1860 Lenoir pro- 
duced the first practicable engine. In 1876 Otto developed a design, 
suggested by Beau de Rochas, which established the gas engine on a 
firm commercial basis. The use of ozl as a fuel in engines met with 
increasing success and now has generally replaced gas except in special 
cases where large quantities of cheap gas are available. In 1892 
Dr. Rudolf Diesel invented the very important oil engine that bears his 
name, and these engines and many modifications of them are being 
rapidly applied to generate power on land and sea. With the advent 
of the automobile, early in this century, the gasoline engine for its 
propulsion began its marvelous growth, and the subsequent develop- 
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ment of the airplane has had a marked influence on the further 
improvement of these engines. 


28. Progress in Theory and Performance.—(a) It will be noted 
that the development of the steam engine by Watt occurred at about 
the time of the American Revolution and that its modernization began 
at about the centennial of that event; also, that most of the develop- 
ment of the steam turbine and of the internal combustion engine has 
occurred in the present century. 

(b) The early inventors had little theory or data to guide them. In 
1824 Sadi Carnot presented his law for the ideal engine, which was then 
little appreciated. It was not until after Joule’s experiments on the 
equivalency of heat and mechanical energy, published in 1843, that the 
theory of heat engines started vigorous growth. After 1849 the science 
began to be developed rapidly, notably by Clausius, Rankine and Wil- 
liam Thomson (Lord Kelvin), and-it has been continued by many 
others since then. Although engineers now have logically presented 
and well established scientific laws and data to guide them, there is 
much work of development in this field still remaining to be done. 

(c) The following table presents some data which illustrates in an 
approximate way the progress that has occurred in steam engineering: 


TABLE 
Steam 
Pressures. B.t.u. Lb. of 
Year Prime Movers. Lb. per per Coal per 
Sq. In., Hp -hr. Hp -hr. 
Gage. 
1700 | Savery’s engine. Steam in contact 
with the water pumped............ 45-150 420,000 30 
1720 | Newcomen’s beam engine, with piston. 0 280,000 20 
1782 | Watt’s double acting, expansion engine. if 112,000 8 
USS Opie VLoderns ty DCrnea aa ae eset ee 80 56,000 4 
1900 | Multiple expansion engine............ 150 21,000 1S 
1920 | Steam turbine power plant (large). .... 275 14,000 1 
1925 | Steam turbine power plant (large). .... 300-1200 10,000 st 
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CHAPTER IIL 
ILLUSTRATIONS OF MODERN POWER PLANTS 


29. Introductory.—In power plants that depend on heat as the 
source of energy, there must be provided some form of fuel, proper 
means and conditions for burning it efficiently, a working substance, 
apparatus for transferring the heat to the latter and for conveyance 
to the point of utilization, a prime mover for converting some of the 
heat into mechanical energy, and means for delivering the power where 
needed. It is often convenient to consider a power plant as made up 
of a number of systems, each of which is composed of a closely related 
group of parts that function together. A few illustrations of power 
plants, accompanied by rather brief descriptions, will be presented in this 
chapter for the purpose of giving a very general understanding of what 
power plants may consist. 

30. The Automobile Power Plant.—(a) The power plant in the 
usual type of automobile is one of the simplest and most generally 
understood. Such a plant is shown 
in Fig. 9. It functions as follows: 
The fuel is metered in the car- 
~ bive aate bureter where it is supplied with 
Drivieg Wheel oxygen-conveying air; then the 

Fra. 9.—Automobile Power Plant. mixture is introduced into the 

cylinders where ignition and com- 

bustion take place. The heat generated is added to the products 

of combustion which become the working substance. These gases 

act on the pistons, from which the power is transmitted through 

suitable chains of mechanism to the rear wheels where it is usefully 
expended. 

One arrangement of the engine, or prime mover, is illustrated in 
Fig. 10, in which the principal parts are labeled. After leaving the car- 
bureter, the fuel mixture passes through an intake manifold to the 
respective cylinders, thence through inlet valves into the cylinders 
where it is ignited by the spark plugs. After doing work on the pistons 
the gases are discharged through the exhaust valves, exhaust pipe and 
muffler. The overheating of the cylinder walls is avoided by a water 
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jacket through which is circulated water whose temperature is kept 
within limits by the radiator. Provision is made for oiling the bearings 
and other rubbing surfaces. The engine is governed by hand. 

(b) The plant may be considered as including the following sys- 
tems: (1) Fuel and Combustion; (2) Ignition; (3) Energy Conversion; 
(4) Power Transmission; (5) Water Cooling; (6) Lubrication; and (7) 
Control. These systems will be studied later. 
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Fig. 10.—Elements of a Six-cylinder Automobile Engine. 


31. Oil Engine Power Plant.—A plant using an oil engine of the 
Diesel type is illustrated in Fig. 11. Oil is pumped to the fuel valve 
which opens at the proper time and allows air under high pressure to 
spray the liquid into the cylinder in which the piston has compressed 
a charge of air to such an extent that its temperature is sufficient to 
cause ignition. The heat resulting from combustion is added to the 
gases formed and these, functioning as the working substance, expand 
and drive the piston during its working stroke. The power is trans- 
mitted to the shaft, which may deliver it by belt or other flexible con- 
nector, or which may be “ direct connected” to an electric generator 
or other device for utilizing the energy. The engine is provided with 
an inlet valve, for admitting the main charge of air that is needed for 
combustion, and an exhaust valve for discharging the spent gases. 
The cylinder is always water jacketed. An auxiliary piece of appa- 
ratus, the multi-stage air compressor, is used for forcing air under high 
pressure into storage tanks from which it is withdrawn for injecting 
the fuel into the cylinder, or for starting the engine. The rotative speed 
of the engine is controlled by an automatic governor. 
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The Diesel plant is thus seen to be made up of the same systems as 
the preceding type, except for the addition of the compressed air system 
and the elimination of the ignition apparatus. 

There are many other types of oil engines but they need not be 
considered here. They will be discussed in a later chapter. 


32. Gas Engine Plant.—(a) Artificial gas is usually too expensive 
to employ for power production. Only when there are available cheap 
natural or by-product gases in adequate quantities, do gas engines 
become commercial possibilities. When they are used, the power plant 
consists almost entirely of the engine itself. 
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Fig. 11.—Elements of a Diesel Engine Plant. 


(b) Outside of the natural gas regions, the most extensive applica- 
tions of these engines are in connection with blast furnace plants in 
which large quantities of combustible gases are produced as a by- 
product of the main process, and in which power is needed to operate 
blowing engines, for furnishing air to the furnaces, and to supply elec- 
tricity for the plant and neighboring communities. Usually much more 
gas is produced in such plants than is needed in generating the amount 
of power that can be utilized. The remainder is used in “ stoves ” for 
heating the furnace air, burnt under boilers, used in other ways, or even 
wasted. Before it is suitable for engines, the gas must be thoroughly 
cleaned. Fig. 12 shows diagrammatically one arrangement of a blast- 
furnace plant. Blast-furnace engines are usually large, with sizes 
ranging from 2000 hp. to 4000 hp. or more per unit. 


33. The Elementary Steam Power Plant.—(a) In addition to the 
boiler and the prime mover, or main unit, in a steam-power plant, there 
are many pieces of auxiliary apparatus, commonly called auxiliaries, the 
necessary piping, and certain accessories, or secondary devices on the 
main apparatus, trimmings and fittings. 
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(b) The simple elements of a plant are shown diagrammatically 
in Fig. 13 in which the principal parts are labeled. Assuming that 
coal is used, this fuel is placed on the grate through which and above 
which air is passing in proper amount to supply oxygen to support the 
combustion, which occurs partly in the fuel bed and partly in the com- 
bustion space in the furnace. The hot gases on their way to the stack, 
or chimney, pass over the boiler tubes, or heating surface, on the other 
side of which circulates water which absorbs some of the heat, the steam 
thus generated being the working substance. This steam will have a 
temperature of a definite value which depends on the pressure carried. 
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Fic. 12.—Diagrammatic Arrangement of a Blast Furnace Plant. 


It is often desired, however, to use steam at a higher temperature than 
this, in which case the vapor is passed through a superheater where it 
absorbs additional heat from the hot gases. After passing through the 
boiler stop valve, the pipe line and the engine throttle valve, the steam 
is allowed to do work in the engine (prime mover) from which it is 
exhausted to the atmosphere, or toa condenser. In the former case the 
discharge is at about atmospheric pressure and the engine is said to be 
operating non-condensing. Even if the engine normally operates 
condensing, provision must be made to permit atmospheric exhaust 
to be used in case of accident to the condenser. This relief is accom- 
plished automatically by the opening of an atmospheric relief valve 
in a pipe which discharges outside the building, through an exhaust head 
which prevents the spraying of oil and water over the neighborhood. A 
condensing water pump is used to circulate the cooling medium through 
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Fria. 18.—Elements of a Simple Steam Power Plant. 
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the condenser in order to abstract sufficient heat from the exhaust 
steam to reduce it to the liquid form and thus produce a partial vacuum. 
The resulting condensate is at a pressure corresponding to the ‘“ vac- 
uum ”’ which is maintained in the condenser. A wet vacuum pump is 
used to raise the pressure of this water, and of any air that may be 
present, up to atmospheric pressure, and to deliver it to the hotwell. 
The condensate is distilled water and is therefore free from impurities 
which might be detrimental to the boiler. Also it is hotter than the 
supply of raw water and consequently requires less heat, and, therefore, 
less fuel, to convert it into steam than is the case if cold water were used; 
hence the condensate is normally used as boiler feedwater. The feed 
pump delivers the water from the hotwell to the boiler, through the 
feedwater pipe line which is provided with control and check valves. 
The exhaust steam from the feed pump is passed through a feedwater 
heater. 

(c) The boiler is a heat-absorbing container for the water and steam, 
and it is so arranged that the-water circulates rapidly over the heating 
surfaces which are swept on the other side by the hot furnace gases. 
Above the water surface is a steam storage space. The boiler must 
always be provided with a pressure gage, a glass water gage and try 
cocks for determining the water level, and also with safety valves for 
relieving the pressure if it exceeds that for which the boiler was designed. 
It has a mud drum and blow-off valves for removing sedimentary 
deposits, and access to its interior is provided by manholes and hand- 
holes for the purposes of inspection and for cleaning the surfaces. 

(d) The furnace and boiler are surrounded by a brick setting, lined 
with firebrick, and the gases are guided by baffles so as to pass over the 
full extent of the heating surface available. The chimney produces the 
draft that is needed for bringing air into the furnace and for disposing 
of the products of combustion. Means for controlling the air supply 
and draft are provided. 

(e) In case steam is needed for heating buildings, or for industrial 
processes, it is more economical to use for this purpose exhaust steam, 
which has done some work, than to utilize ‘ live ”’ steam taken directly 
from the boiler. At F in Fig. 13, is shown a pipe for exhaust heating. 
In this pipe line a pressure regulating valve might be placed in order 
to maintain an approximately constant pressure in the heating system. 

34. Central and Isolated Steam Stations.—(a) A power plant 
which supplies energy to a single building, such as a hotel, or an office 
building, or to a factory having one or more buildings, is commonly 
termed an isolated station, or plant. Such plants are usually relatively 
small, but are not necessarily so. When a plant serves a large com- 
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munity in which there are many users of power, it is referred to as a 
central station, and is relatively large. When several large com- 
munities are supplied by a single station, or by a group of intercon- 


tral Steam Station. 


Fig. 14.—Cross-section through the 
Turbine and Boiler Rooms of a Cen- 
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nected plants, the terms super-power plant, or, super-power system are 
sometimes used. A large steam plant, or central station, is illustrated 
in Fig. 14. 
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(b) The kinds of equipment and methods of operation used in a 
plant depend on the magnitude of the demand for power, on the char- 
acter of the service to be rendered, on local conditions and on many other 
factors which need not be discussed at this point. A steam plant is 
most easily analyzed by considering the systems of equipment of which 
it is composed, and there may be a great many of these systems, espe- 
cially if the plant isa large one. The following brief description applies 
more particularly to a large plant using coal as the fuel, and it is neces- 
sarily limited to a consideration of only the most important of the 
systems. 

(c) Coal and Ash Handling System.—Assuming that the fuel is 
delivered in barges or railroad cars, some special labor-saving, mechan- 
ical unloading equipment may be employed for its removal. The coal 
then may be weighed, sampled and tested, and conveyed to a storage 
pile in the yard. Before using, it may be crushed, pulverized or other- 
wise prepared by special equipment. It may then be transported to 
overhead bunkers in the boiler room, by means of a belt-, bucket-, or 
other mechanical conveying system. [rom the bunker, the fuel may 
gravitate through down spouts, to the hoppers of the mechanical stokers, 
which automatically feed the coal to the furnace. The ashes may also 
be disposed of by some mechanical system. By the use of such 
expedients the employment of manual labor can be reduced to a 
minimum. 

(d) Draft System.—Supplementing the chimney for providing the 
draft needed for supplying the air for combustion and for removing the 
gases formed, there may be used fans, or other equipment, which con- 
stitute a mechanical draft system. ‘The flues are provided with dampers, 
and the air supply and draft are controlled by a hand-operated, or auto- 
matic, regulating system. 

(e) Condensing System.—The condensers require large quantities 
of cooling water, which may be supplied through intake tunnels and 
be carried away by discharge tunnels. This water may have to be 
passed through intake screens to remove debris; and if reused, as in case 
of a limited supply, cooling towers or cooling ponds may be needed for 
lowering its temperature before its return. In connection with the con- 
densing system there may also be one or more condensing water pumps, 
condensate pumps, and air removal pumps, commonly called air pumps. 

(f) Feedwater System.—In addition to the feed pump, hotwell 
and piping, the feedwater system may also have provision for water 
purification. The ‘“ raw,” or impure, make-up water may be distilled 
in an evaporator, or it may undergo chemical treatment; and in addi- 
tion the feedwater may be passed through a de-aerator. 
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(g) Heat Balancing System.—In order to reduce the amount of 
fuel consumed, and thereby minimize the cost of operation, heat that 
would be wasted, or be less efficiently utilized elsewhere, may be added 
to the feedwater. Often exhaust steam from auxiliary engines and 
turbines, or extraction steam which is bled from between stages of the 
prime mover, is used in heaters for this purpose. Also the hot flue 
gases which have left the boiler may be passed through economizers for 
heating the feedwater, or through preheaters for heating the air that 
is used for combustion. 

(h) Piping System.—The main and auxiliary piping that connect 
the various pieces of apparatus may be quite extensive, complicated 
and costly. Besides the pipe, there are many valves of various kinds; 
moisture and oil eliminators, called separators; also drains, traps, etc. 
In addition, provision must be made for pipe line expansion, by intro- 
ducing expansion joints, loops or similar expedients; also for drainage, 
and for decreasing heat losses from the piping. 

(i) To the foregoing may be added the auxiliary drive system, includ- 
ing the electric or steam operated motors for driving auxiliary equip- 
ment, the house turbines, etc.; the control systems, with the necessary 
instruments and gages; and many other systems which will not be con- 
sidered here. From this brief outline of the equipment that composes 
the modern steam station it is evident that considerable study of the 
individual systems will be necessary in the following chapters. 

35. The Locomotive.—The railway locomotive is merely a com- 
plete power plant which is so arranged on wheels that the power expended 
is utilized in moving itself and in usefully drawing the train of cars. It 
contains the elements already discussed in connection with other steam- 
power plants. Fig. 15 shows one of the most usual arrangements of a 
passenger locomotive, and on it many of the more important parts 
are labeled. Locomotives will be considered in some detail later. 

36. The Marine Power Plant.—The power equipment of vessels 
may be quite complicated, for, in addition to the main units needed for 
propulsion, and their auxiliaries, there may be provided prime movers 
for furnishing electric light and power, hoisting engines, air compressors, 
refrigerating machine, draft apparatus, ventilating and heating equip- 
ment, bilge pumps, sanitary pumps, fire pumps and much else. The 
prime movers may be internal combustion engines or steam engines or 
turbines. Fig. 16 shows diagrammatically the power equipment for a 
relatively small and simple plant. In order to provide as much cargo- 
carrying capacity as possible, such plants, although quite complex, are 
made very compact and of light weight. The details of marine plants 
are highly specialized and are beyond the scope of this text. 
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37, Other Plants.—The power plant for a hotel, or office building, 
may be as diversified and compact as is the marine plant. To the more 
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common types of plants already mentioned may be added many special 
ones, such as refrigerating and ice-making plants, air and gas com- 
pressor plants, municipal and other water pumping plants, contractors’ 
portable or semi-portable plants, farm plants, and many others. 

38. Engineering of Power Plants.—The relative simplicity and high 
thermal efficiency of the internal combustion power plant has its appeal, 
but in many cases the interest and other charges on a possible greater 
first cost of the plant, and a possible relatively large expense for costly 
fuel, may militate against its selection. The steam plant, although 
more complicated, often can furnish power at less expense than can oil- 
engine plants, and in many instances can also outrival hydraulic power 
plants. To determine the proper kind of plant to install under given 
conditions entails a careful engineering study, which means an analysis 
of the economic, financial, and technical considerations involved. 

It is the constant aim of power-plant engineers to improve the 
design, arrangement, operation and the economic performance of power- 
plant equipment; thus heat-power engineering constitutes an unlimited 
field of endeavor, 


CHAPTER IV 
ENERGY EQUATIONS 


39. Introductory.—In Heat Power Engineering it is frequently 
necessary to determine quantitatively the energy involved in the various 
processes encountered, and it is the purpose of this chapter to develop 
the four most important equations needed. The first of these equations 
deals with the work done by a given amount of working substance while 
expanding according to some known law; and it will be called ‘“ the 
equation for work done by an expanding substance.” The second is 
used for the determination of the heat added to any working substance 
under simple conditions, and will, therefore, be referred to as the 
‘simple energy equation.” The third, “ the specific heat equation,” 
shows how the specific heat may be used to determine the amount of 
heat transferred to any working substance during any known process. 
The fourth is applicable to the more general cases in which all forms of 
energy, except electrical and chemical, are involved, and it will, there- 
fore, be spoken of as the “‘ general energy equation.” 


40. The Work Done by an Expanding 
Substance.—(a) Whenever a working sub- 
stance expands it does work upon those 
bodies which it moves by virtue of this 
expansion. This statement can be ex- 
plained in connection with Fig. 17(a), 
which shows the elements of an engine 
with the piston initially in position a. 
Imagine the space V, to be filled with some 
suitable working substance which is at 
the pressure P., and then let more of this 
material be forced into the cylinder at just 
the right rate so that as the piston moves to the right, towards its extreme 
position b, the pressure will be maintained constant at its original value. 
If a record be plotted, with pressures as ordinates and volumes as abscis- 
sas, of the simultaneous values of P and V for the constantly increasing 
amount of working substance within the evlinder during the movement 
of the piston, it will result in a horizontal line, such as ab in Fig, 17(6), 
36 
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which is the graph of this constant pressure process. In this diagram a 
represents the initial state and 6 the final state of the working sub- 
stance that has entered the cylinder, and the line ab shows the DUS 
volume relationship throughout the process. 

(b) A similar horizontal graph might have been obtained in the 
following manner: As before, imagine any kind of working substance in 
the cylinder in sufficient quantity to fill the space V, at the pressure P,, 
and then, instead of admitting any more working substance, let heat be 
supplied to the fluid already present so that the pressure is maintained 
constant while the piston moves from a to b. Here again the line ab 
in Fig. 17 (6) will represent on the PV-diagram the process occurring. In 
both cases the pressure is maintained constant, but the means by which 
this is accomplished in the two instances are clearly very different. 

(c) The work done on the piston during each of the above processes 
is the same, and equal to the total force acting on the piston multiplied 
by the distance through which this force acts. Taking the pressure 
in pounds per square foot to be P, and the area of the piston in square 
feet to be F’, then the total force in pounds acting on the piston is PF. 
The distance in feet, through which this force acts is represented by 
L, — La, Fig. 17(a); hence, for the movement of the piston correspond- 
ing to this distance, the work done becomes P.F(Ly, — Ia). But FL, 
and FL, represent respectively the volumes V, and V,, corresponding 
to the final and initial states; hence the work done in foot-pounds during 
this constant pressure process is 


Wha = PiVi — PaVa = 144p(Vi — Vi), « . . . (6) 


in which p represents the constant pressure in pounds per square inch, 
absolute. If it is desired to determine this work in B.t.u., the expres- 
sion then becomes 
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(d) The more common case, however, is the 
one in which work is done by a substance that 
is expanding under variable pressure. Consider the 
solid curve ab, in Fig. 18, to represent the pressure- 
volume history of a working substance expanding 
in a cylinder under such conditions; then, at some 
particular instant the PV-condition is shown by 
the coordinates of the corresponding point, such as e, on the curve, the 
instantaneous value of the pressure being P. If, at this pressure, con- 
sidered constant, there is a small change in volume, equal to 6V, the 


Fig. 18. 
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corresponding small amount of work done will be 6Wk = P6V, which is 
shown by the sectioned area in the figure. Similarly, for a very small 
expansion at this instant along the line ab, with the same small change 
in volume, approximately the same amount of work would be done, 
and 6Wk = P6V approx., which at the limit (6V = 0) takes the form 


dWk = Pdv. 


Then, if the relation between the pressure and volume during the entire 
expansion from a to 6 is known, the calculus enables one to determine 
the work done during the whole process ab. Thus, expressed in its 
most general form, 


b 
Wha= (PAV, 2 2. 


= the area abcd, to scale, in Fig. 18. 


(e) Eq. (8), which may be termed the “equation for work done by 
a substance,” is perfectly general as it applies to any substance expand- 
ing or being compressed in any manner such that the pressure-volume 
relationship is known throughout the entire process from the initial 
state a to the final state b. The yielding of a negative quantity would 
express the fact that the process ab is a compression. 

(f) It is the particular functional relationship existing between 
P and V that is the determining factor in locating the path, or curve, to 
represent the process ab on the PV-diagram, rather than the kind of 
substance used. From an inspection of Fig. 18 it will be seen that any 
number of paths may be drawn connecting the two states a and b, as 
shown by the dotted curves; and it will be clear that the areas under 

b 

these curves, or in other words the values ot f PdV, will not be the 


a 
same since each is dependent on its specific path. Obviously the inte- 
gration cannot be performed until the pressure-volume history of the 
particular process involved is known. Hence, to speak of the work 
done between any two states, without specifying the connecting process 
involved, is to use an indefinite expression. The various kinds of 
processes will be discussed in a later chapter. 

41. The Simple Energy Equation.—(a) When heat is added to 
working substances it may produce important effects other than a 
change of temperature. It may increase the internal energy of the 
working substance, it may cause the substance to expand, thus doing 
work on other bodies, it may increase the velocity of flow of the stream 
of the working substance itself, it may produce a change in elevation of a 
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substance, it may cause chemical or electrical changes, and some of the 
energy may be lost by radiation or in other ways. Hence, the deter- 
mination of the quantity of heat which is transferred to or from a 
working substance can be made only by considering all the resultant 
effects. To include all the possible forms of energy in one equation 
makes it much longer than is necessary for most cases, hence it is cus- 
tomary to simplify such equation by eliminating those energy terms 
whose values do not change during the process considered, and those 
changing by negligibly small quantities in comparison with the terms 
which are retained. 

(b) Consider any known process ab resulting from the addition of a 
quantity of heat to a working substance inside the cylinder of an engine 
or compressor, and take the case in which such addition changes the 
internal energy of the substance and causes work to be done, no other 
energy transformations or transfers occurring. Then, by the law of 
conservation of energy the following important relation must hold for 
this simple case: 


The heat added to the gain in internal the work done _ by 


the working sub- energy of the work- the working  sub- 
stance during the }= ing substance be-$+ stance during the (9) 
given process ab. tween the states a process ab. 

and b. 


Or, expressed more concisely by symbols, the “ semple energy equation ”’ 
is 


Ou = Al a -+ Wka, fhe Gate ach ie mnie (9a) 
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(c) It has been shown in Sect. 40 that the work done by any working 
substance in passing from state a to b depends upon the process or path 
connecting these two states. Since the above energy equation shows 
that the quantity of heat added to a working substance equals the gain 
in internal energy plus the work done during the process under consider- 
ation, it must follow that the quantity of heat added is also dependent 
upon the process under consideration. In other words, in reading the 
above energy equation, the process or path must always be specified when 
giving the terms Qu, and Wkap. 

(d) It should also be noted that the strict use of the preposition to 
in the first term, and by in the last term of Eq. (9), combined with the 
word gain, or increase, in the middle term, will always furnish the key 
to the correct interpretation of a negative sign which may be encoun- 
tered for any of these three terms. 
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This simple energy equation is important as it will be used fre- 
quently in dealing with reciprocating heat engines, air compressors, 
and refrigerating machines, whether the working substance is in the 
form of a liquid, vapor, or gas. 


42. The Energy Equation Involving Specific Heat.—(a) It has been 
shown in Sect. 41 that the quantity of heat transferred to or from any 
working substance in order to change its state from a to b, depends upon 
the process ab connecting these two states. It therefore follows that 
the amount of heat required to change the temperature of a unit weight of 
any substance through one degree will also depend upon the process 
involved. This amount of heat is called the specific heat ! of the sub- 
stance for the given process. Since the engineer has to deal with many 
different processes he designates the corresponding specific heats by 
adding a subscript to the general symbol for this term. Thus, cy is 
the general symbol for specific heat at.constant pressure, ¢, is for constant 
volume, c is for constant internal energy, and so on for any other process 
involving a constant characteristic. 

(b) If the heat added with each degree change in temperature, over 
the range AT,,, remains unchanged, then c 7s constant and the quantity 
of heat added to the weight w is 


Qa = wel Ta => we(T, = Lays 2 : A F = = A (10) 
or 
a 1 Qa 
C= a AT a’ CeO ears wie A otc (11) 


In engineering work in this country c is commonly used in B.t.u. per 
pound per degree Fahrenheit. When the energy is expressed in foot- 
pounds the symbol K is used for the specific heat. Obviously 


K=778¢, Ky = 778 G, K, = 778 cp. 


(c) For most substances, however, the specific heats are variable 
during certain processes. In such cases the above equations may some- 
times be employed by substituting for c its average value over the pre- 
vailing temperature range. This average specific heat will be represented 
by é. As its value depends on the temperature range, the latter can be 
given as a further subscript,—thus @,,,_,,, represents the average specific 
heat at constant pressure within the temperature limits of 75 and 180 
degrees. 


1 This definition of specific heat involving the wnit weight is the usual one in most 
engineering calculations. However, in dealing with gases, it is sometimes more con- 
venient to use what is called the volumetric specific heat, which is based upon the 
unit volume instead of the unit weight. 
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(d) Not only does the specific heat depend on how the heat is added, 
i.e., on the process, and on the kind of substance used, but it is also 
often very materially affected by the magnitude of the temperature. 
For example, the specific heat of air at constant pressure is appreciably 
larger at very high temperatures than for ordinary conditions. With 
this in view, the relations between the specific heat and all the other 
factors on which it depends is best given by the general expression 


1 dQ 
Oe a ee ae (12) 
from which 
dQ = wedt, ee ee eee ae 
or 
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This last equation reduces to we(f, — ta) only in case the specific heat 
during the process ab is independent of the temperature, it being 
assumed that the weight w does not change during this process. 

(e) The two most important specific heats for all working sub- 
stances are those at constant pressure and at constant volume, and their 
ratio is frequently used. It is convenient, especially when dealing with 
gases, to employ a symbol for this ratio, the Greek letter gamma being 
commonly used for this purpose; thus 


_% _K,y 
y= yi a cme als OA) 


Cy 

(f) It is essential to note the distinction between the term specific 
heat and specific heat-content, or specific total heat. Each of the latter 
terms designates the heat content, h, or the total heat per unit weight of 
substance, which is very different from the specific heat. 

43. Conditions for Steady Flow.—(a) There are many important 
pieces of apparatus through which the working substance passes under 
conditions which are described by the term ‘‘steady flow.” Using 1 to 
indicate the section through which the working substance enters the 
apparatus, and 2, the point of exit, and using these numbers as sub- 
scripts to designate the state of the working substance passing these 
respective sections, the term ‘‘steady flow,” as applied to energy equa- 
tions, means that the following three conditions must be fulfilled: 


(A) The weight of working substance flowing per unit of time, or 
rate of flow, past section 1 is constant and equal to the rate of flow 
past section 2. 
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(B) The pressure, temperature, velocity and specific volume of 
the working substance remain constant at section 1; and similarly 
they are constant at section 2. (Note, however, that the quantities 
at 2 do not necessarily have the same values as the corresponding 
ones at 1, for, in general, some will have different values, and all may 
be different.) 

(C) The apparatus has been operating for a sufficient length of 

*time to have reached a stable condition, which will be maintained 
throughout the period in which all observations are made. 


(b) As an illustration of steady flow, consider the steam turbine. 
In this apparatus, section 1 would commonly be taken at the turbine 
throttle valve and section 2 would be at the exhaust opening. The 
total weight flowing past sections 1 and 2 per unit of time would be the 
same, assuming no leakage or addition or extraction of steam for any 
purpose, but the pressure, temperature and specific volume of the 
steam would be very different at section 2 from their values at section 1, 
and the velocities of flow at these two points might be quite different. 

(c) Other common illustrations are the centrifugal air compressor, 
the centrifugal boiler feed pump, the steam condenser, and the steam 
boiler. In each of these cases a working substance is flowing through 
the apparatus which is either adding energy to, or abstracting it from, 
this fluid; or the working substance may receive energy at some places 
within the apparatus and give up energy in other parts of it. The 
energy received by the apparatus, or given up by it, may be in the form 
of heat, or it may be mechanical, or it may be a combination of both. 

(d) In some cases the fluid is made to flow through the apparatus 
by reason of the energy supplied to drive the machine, as in the case of 
a centrifugal air compressor. In other cases, such as prime movers, the 
fluid flows through the apparatus by reason of the pressure drop per- 
mitted therein, and mechanical energy may, therefore, be delivered 
to other machines. The condition of the fluid need be determined only 
at the entrance and exit sections, irrespective of what happens within the 
apparatus between these two points. The only specification imposed upon 
the apparatus itself is that it is not to act as a reservoir in which the 
amount of energy stored varies over an appreciable interval of time. 
However, the apparatus may pass through cyclic changes, as in the case 
of reciprocating machines, so that the kinetic or thermal energy stored 
within such apparatus also undergoes corresponding cyclic changes; 
but so long as the pulsations set up in the working substance do not 
violate the provisions of (A) and (B), the equation of steady flow may 
properly be applied. 
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(e) A case in which the steady flow equation does not apply is that 
of an engine, turbine or similar apparatus, initially at room temperature 
and at rest, being warmed up and brought to running speed. In a few 
simple cases of this kind the equation of steady flow may be slightly 
modified by the addition of terms to cover the variable energy stored 
within the apparatus, but the general equation as developed in the next 
section does not apply to such processes. 


44, General Energy Equation for Steady Flow.—(a) Having an 
understanding of what is meant by steady flow, it is now desired to 
develop an equation which will contain all the forms of energy involved 
in such a passage of a fluid through any kind cf apparatus. The law of 
the conservation of energy states that energy cannot be created or 
destroyed; hence, the problem resolves itself into the determination of 
the amount of energy, in all its various forms, that is flowing past 
sectons 1 and 2, and that is being supplied to the apparatus, or ab- 
stracted from it, between these sections. 


Fic. 19.—Diagram to Illustrate the Factors Involved in the General Energy 
Equation for Steady Flow. 


Consider the diagrammatic sketch in Fig. 19 in which, for any unit 
of time, 


E, = the amount of all the forms of energy flowing across Section 1; 
Ez = ditto, for Section 2. 
Also, between Sections 1 and 2: 

E, = the amount of mechanical energy supplied to the machine; 

E, = the heat energy abstracted from the machine, by some suitable 
form of apparatus to transfer heat under the control of the 
operator, such as the water jacket of an air compressor; 

the work done in lifting the working substance against the force 
of gravity from elevation 2; to elevation z2, and 


E, 
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R, = the energy lost by radiation, conduction and convection of heat 
from all external parts of the machine. 


It should be noted that this last term includes the energy lost by fric- 
tion in the bearings of the machine, and also that the friction and tur- 
bulence of the working substance within the machine cause an increase 
in the values of Hz and R.. 

(b) In case the machine is delivering mechanical energy, as does a 
steam turbine, or other prime mover, the term /,, is negative; and sim- 
ilarly when the apparatus is supplying heat to the working substance, as 
does a steam boiler, the value of EH, is likewise negative. Even R.- 
is negative in the case of ordinary refrigerating machines. 

(c) Assuming each of the terms to be positive and therefore in the 
directions of the energy streams as indicated by the arrows in Fig. 19, 
then, from the law of conservation of energy it follows that the total 
energy supplied to the apparatus equals the total amount leaving it. 
Hence 


BE, + En = Ho +H, + #, + R., oh ane (16) 
or, the mechanical energy supplied to the machine is 
En = Eo -E, +E, +H, +R. . . (17) 


It remains to determine the values of the various quantities in these 
equations. 

(d) The term F; is made up of the kinetic energy of the stream 
flowing past section 1, plus the internal energy of the fluid, plus the 
energy expended in forcing the volume of the fluid across this section 
against the constant pressure maintained there. Similarly the term Ee 
is composed of the corresponding forms of energy for section 2. 

Expressing the rate at which energy is flowing past any section.in 
B.t.u. per second, it follows that for section 1, the kznetic energy due to 
the velocity, v1, with w lb. flowing per sec., is 

2 
KE, = wv,” + (778 X 2 X 32.17) = 50,000 * 


The internal energy due to the thermal state of w pounds of the sub- 
stance is wz1. The energy expended, or the work done, in forcing each 
pound of working substance, having the specific volume Vj, across sec- 
tion 1, against the constant pressure P; is AP:V1; and for the entire 
weight w, the corresponding value is wAP:V; or AP,V;. The two 
terms, 7 and APY, may be added together giving the specific heat- 


*Tnasmuch as the quantity 778 is somewhat uncertain in the third significant 
figure, the round number, 50,000 may be used. 
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content, h. Corresponding expressions may be written for section 2. 
Then the values of H; and E2 may be expressed as follows: 


WU 
E, = 50, a0 + wii + wAPiV; = w( sooo a0 I). GES) 
EE, = SOD ant + wiz + wAPeV2 = w( 5000 000 + In). . (19) 


(e) The work done in lifting the working substance, expressed in 
B.t.u. per second, is, 
w(z2 — 21) 
Spa 
This item is usually extremely small when dealing with vapors and 
gases and may often be neglected in such cases. 

(f) Then, substituting in Eq. (17) these values of H2, £1, and H,, and 
remembering that H = wh, it follows that 


i, = (20) 


Pen atis es, 
En, = He = Hy + OG + Me er, (21) 

(g) This equation states that the energy supplied to an apparatus 
by mechanical means, in order to operate it, is equal to the increase in 
the heat content of the fluid forced through this machine, plus its 
increase in velocity energy, plus the energy delivered to the cooling 
apparatus, plus the work done in lifting the fluid, plus the energy lost 
by radiation and conduction. This last item includes all friction in the 
bearings, gearing and elsewhere in the apparatus, except insofar as parts 
of such frictional losses may appear in the energy He, going out with 
the fluid. This form of the equation is the one most convenient for use 
with such machines as centrifugal compressors and pumps. 

(h) The term £;, in this equation is determined by various means, 
depending upon how the heat is transferred from the apparatus. For 
instance, if a water jacket is used, H, would be the product of the rise in 
temperature of the water, in degrees Fahrenheit, the weight flowing, in 
pounds per second, and the specific heat. 

The value of R, may be determined if all the other terms are known. 
It is sometimes estimated as a percentage of one of the other terms and 
often it is relatively so small that it may be neglected altogether. 

(i) The mechanical input of a machine is usually expressed in terms 
of horsepower or the kilowatt. To convert it to B.t.u. per sec., the 
following may be used: 


E,, = 0.707 X (horsepower delivered to drive the machine) 
= 0.948 X (kw. delivered to drive the machine). 
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(j) For any engine or turbine, the mechanical energy is delivered by 
the apparatus, and the working substance leaves with less energy than 
it had at entrance. Also energy may be supplied to the machine in the 
form of heat, En’, by some such means as heating coils; and the ele- 
vation 22 is usually less than 21. For such cases the energy equation 
may be more convenient if written thus: 


W (v 1 2 V2”) 
50,000 


w(Z1 — 22) _ R 
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Ew = Hy = Heep Ey + = 
This equation states that, for a machine driven by the flow of working 
substance through it, the mechanical energy L,,’ delivered by the 
machine is equal to the loss of the heat content of the fluid in passing 
through the machine, plus the heat energy EF,’ supplied to the fluid by 
any reheating apparatus, plus the energy given up by the decrease in 
velocity, plus the work done on the fluid by gravity, minus the radiation 
and conduction losses, all taken between sections 1 and 2. 


(k) Very often with engines and turbines LE,’ is zero, 2; = 22, and 
v1 = vg. Then for such cases 


Le = Hy Ho ho a ie ee 


That is, for any prime mover operating under these conditions the 
energy delivered by this apparatus in any unit of time is equal to the 
difference of the heat contents at entrance and exit from the apparatus, 
for the entire amount of working substance flowing in this unit of time, 
minus the radiation and conduction losses from the apparatus. 

(1) If the engine has much energy lost by friction of its mechanical 
parts, that loss appears as heat in these parts, as shown by their increased 
temperature. For example, the bearings may become heated. The 
hotter these parts are, with other conditions remaining the same, the 
faster is energy lost from them by radiation and conduction. In other 
words the value of R, is increased by machine friction. 

If the engine has rough surfaces over which the working substance 
passes at high velocity, or if the passageways have numerous abrupt 
turns, there will be much fluid friction and turbulence within the 
machine. These result in losses in energy which appear as heat in the 
fluid and in the adjacent parts of the machine. Whatever heat is given 
to the machine tends to raise its temperature thus increasing the radia- 
tion losses from it. The effect of adding to the working substance 
heat produced by turbulence and fluid friction, is to cause its internal 
energy and its specific volume to become greater, thus resulting in an 
increase in its heat conterit, H2(= Ig + AP2V2). 
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The exit velocity of the substance will become larger in proportion 
to the increase in specific volume, since the areas of the passageways and 
the rate of flow, or quantity flowing, are considered constant. Thus the 
loss due to the exit velocity, v2, will be somewhat increased by turbulence 
and fluid friction in the machine. 

The temperature of the working substance may increase or may 
remain constant as a result of the turbulence and fluid friction, depend- 
ing on whether it is a gas or a vapor. 


45. Available Energy.—(a) in heat-power engineering ideal machines 
are defined as those having no mechanical friction, and through which 
the working substance flows without leakage or friction, and without heat 
transfer or turbulence, except as they may be intentionally introduced.? 
Therefore, for ideal engines having steady flow with v; = v2 and 21 = 2g, 
it follows from Eq. (22) that the output of mechanical energy is 


FE" nitaeal) =) (Ay ia Hz) +- hig ORAM «BG, Mato OG (24) 


Thus, the general energy equat.on reduces to this very simple expression 
for the ideal engine using, under steady flow conditions, any working 
substance which enters and leaves the machine with the same velocity 
and at the same elevation. Often ’, is zero, and, consequently, for 
such cases the right-hand member of Eq. (24) becomes simply the dif- 
ference in the heat content of the working substance at entrance to and 
exit from the ideal machine. 

(b) Eq. (24) gives the amount of mechanical energy that could be 
developed if no losses occur, hence this quantity is commonly called the 
‘¢ available energy for steady flow conditions.’ No actual engine can be 
operated without having some loss, but it should approach as nearly 
as possible the performance of the ideal machine and deliver as much of 
the available energy as is possible. 

(c) To be able to compute the available energy for different kinds 
of working substances, under various conditions, requires a consid- 
erable knowledge of the thermodynamic processes of vapors and gases. 
These processes and the methods of determining the values of Hi and 
Hoe, for different cases, will be giyen in subsequent chapters. 


2 Wxtreme turbulence may occur in refrigeration equipment and in a few other 
special cases which will be discussed later. 


CHAPTER V 
EQUILIBRIUM, REVERSIBILITY AND AVAILABILITY 


46. Introductory.—The primary purpose of the study of engineering 
thermodynamics is to find processes and to devise apparatus for their 
application and control, whereby the maximum amount of useful 
mechanical work is developed at the expense of the energy of the work- 
ing substance, this energy having been derived from some convenient 
source of heat, usually the combustion of fuel. As will be seen in detailed 
instances later, it is never possible to convert into useful work the equiv- 
alent of all of the heat supplied, for even in ideal cases only a portion 
is available as work. The object of this chapter is to study the condi- 
tions that influence the extent of this availability. 

47, Equilibrium.—(a) First it is necessary to discuss the meaning 
of the term equilibrium, as used in thermodynamics. Its significance in 
processes having only mechanical aspects is well known. It designates 
a condition in which everything involved is in a state of balance. The 
system, without the application of external force, is by itself incapable 
of changing. Similarly, in processes having thermal as well as mechan- 
ical aspects, thermodynamic equilibrium designates a state in which the 
system under consideration is incapable of spontaneous change. 

Systems not in equilibrium always undergo spontaneous change 
until they ultimately reach some equilibrium state. A few examples 
will help to make these statements clear. For instance, consider the 
simple mechanical system consisting of the earth, air, a pendulum, and 
its supports. With the pendulum displaced from its lowest position and 
released this system is not in equilibrium; the pendulum will imme- 
diately move, and will ultimately come to rest in its lowest position. 
The process will take some time, but it will surely progress continuously 
until mechanical equilibrium is attained. Likewise, a block of ice 
floating in a body of hot water constitutes a system which is not in 
equilibrium; the ice is very actively melting, and the water is being 
cooled. Heat is being transferred from the hot water to the ice, and also 
to the cold water resulting from the melting of the ice. Ultimately 
the entire mass will attain a uniform temperature throughout and this 
is the state of final thermodynamic equilibrium for this system. Again, 
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consider two masses of gas confined in a rigid vessel, with a partition 
wall between them, one mass being at pressure higher than the other. 
Let a valve in the partition be opened. The system will not be in 
equilibrium, and gas will flow from one portion of the vessel to the other 
until the pressure is uniform throughout its entire mass, and ee 
is thus established. 

(b) It should be noted that systems which are not in equilibrium 
may persist in an unbalanced condition for some time. Such systems 
are far from impossible,—indeed, they are very common; but they all 
display one common characteristic—active spontaneous change. This 
change may be slow or fast, depending upon circumstances, but such 
systems ultimately reach some state of equilibrium. 

(c) A body in thermodynamic equilibrium will be characterized by 
uniform pressure ' and temperature throughout the entire mass, uniform 
mass distribution, that is, uniform density ! and specific volume, and 
uniformity of all other properties whose values are determined when the 
state of the body is known. The words wniform and constant should not 
be confused with each other. The temperature of a body may be 
uniform throughout, that is, at any given instant, it may have the same 
value at all points throughout the entire mass, and yet it may be slowly 
changing as a whole, in response to outside influences. If these influ- 
ences are held constant, the body in equilibrium is incapable of any 
spontaneous change whatever. 

(d) Since any body in equilibrium is characterized by uniform values 
of all the variables whose magnitude depends upon its state, it is pos- 
sible to specify these values numerically; but if a body is not in equi- 
librium this specification cannot be made, because it is not possible to 
determine the instantaneous values of any property for the different 
parts of the body. Moreover, if one variable is not uniform throughout 
the mass of the body, some, at least, of the other variables cannot have a 
uniform value. For example, in a mass of gas, if the temperature dis- 
tribution is not uniform, then either density or pressure must be non- 
uniform, since these are related for each element of mass. The state of a 


1 Uniform pressure and uniform density involve the assumption that the effect 
of gravity is negligible. In a mass of liquid, the pressure at various levels is different, 
due to the difference in hydrostatic head, but the variation in density is slight for 
most liquids, because of their relatively low compressibility. Likewise, in a mass of 
gas extending to an appreciable height, there will be significant variations in both 
pressure and density. In small volumes of gas, however, the pressure and density 
are sensibly uniform throughout. These statements apply to one phase states. 
Two or more co-existant phases will have the same temperature and, except for 
gravity, the same pressure, but the other properties will differ widely, as will he 
shown in the study of vapors. 
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body not in thermodynamic equilibrium cannot be described in simple 
terms. | 

(e) The concept of thermodynamic states of equilibrium is analo- 
gous to that of the familiar rigid body of mechanics; such states do not 
exist in reality, but, for many purposes, they are very closely approx- 
imated in practice, hence the study of the simple ideal cases yields 
conclusions which are sufficiently accurate for practical purposes, and 
are of great value. 

48. Availability of Energy.—Several types of processes will now be 
discussed to determine the conditions influencing the extent to which the 
energy of the participating system is made avazlable as useful work. 

(a) First, consider a simple process in which the thermal aspect is 
so secondary that it is usually overlooked,—the falling of a body from a 
higher to a lower level. ‘To make the discussion concrete, assume 10 lb. 
of iron, elevated 10 ft. above the ground. In its upper position, the 
system consisting of the earth and the iron possesses 100 ft-lb. of poten- 
tial energy, because that amount of work must have been expended on 
the system to elevate the iron to that level. Whether 100 ft-lb. of useful 
work may be derived by allowing the body to fall to its lower position 
depends altogether wpon the manner in which the fall is controlled. 

(b) Suppose that the body is simply dropped, its fall being entirely 
uncontrolled. Then the useful work done is zero. Neglecting the 
energy expended against atmospheric resistance, all of the potential 
energy, of the system has been converted into kinetic energy by the time 
the ground is reached, and this energy is in turn all converted into use- 
less heat upon impact. True, some of this energy may be expended in 
setting up sound waves, but their energy must also ultimately be dissi- 
pated as heat. In short, all of the energy of the body is uselessly 
expended. 

(c) Again, suppose the 10-lb. body in its upper position, suspended 
by a cord which passes over a sheave and has its other end attached to a 
5-lb. counterweight on the ground. Upon setting the system free, 
the 10-lb. body will fall to the ground as before, but more slowly, while 
the 5-lb. one is elevated 10 ft. The process is somewhat controlled, and 
50 ft-lb. of useful work have been developed in lifting the counter- 
weight. Half of the energy of the falling body has been made available, 
and half has been dissipated as heat. 

(d) If the counterweight be increased to successively larger values 
(say 9 lb., 9.9 Ib., etc.), as the process is repeated, the useful work derived 
will be progressively increased, and the dissipated energy will be corre- 
spondingly decreased. Evidently the mechanism is approaching an 
ideal limiting condition, in which both weights are equal. In such an 
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ideal mechanism all friction, including air resistance, must be absent. 
Using such an arrangement, let the first weight be in its top position, 
the second one being on the ground. The application of the very 
slightest momentary force to the system will set it in motion, and the 
first body will fall with extreme slowness, while the second is lifted 
equally slowly to the upper position. The process is entirely controlled, 
since the smallest imaginable force could stop it at any time during its 
course. During the process as a whole the useful work done in raising 
the counterweight is equal to the entire potential energy of the initially 
elevated body. There is no dissipation. The original energy has been 
made wholly available in useful form. 

49. Reversibility of a Mechanical Process.—(a) The last process 
being completed, the first body is on the ground, and the second is 
elevated 10 ft. The application of a slight impulse in the opposite 
direction will cause the identical process to be reversed, under the same 
perfect control which characterized the direct process. At the end of 
the reversed process, everything is Just as it was initially—the first 
weight is at its upper position, the second is on the ground, and no 
energy has been dissipated. The only thing unaccounted for is the 
energy expended in applying slight impulses to the perfectly balanced 
mechanism. However, as the magnitude and duration of these impulses 
are decreased, the process approaches as closely as desired the limiting 
imaginary, or ideal, case in which the two bodies are always in exact 
equilibrium, and may be thought of as moving in the direct or reverse 
sense with equal facility. Hence this ideal limiting process may be 
designated a reversible process. 

(b) At any time during a reversible process the following conditions 
must hold: (1) The process may proceed in either direction with indiffer- 
ence; (2) All bodies concerned are always in equilibrium throughout the 
process; (3) The dissipation of energy is zero; and (4) The availability 
of energy in the form of useful work 1s a maximum. ‘This discussion will 
not be carried further for purely mechanical processes. 

50. Availability of Energy and Reversibility of Thermodynamic 
Processes.—(a) In a manner exactly analogous to the foregoing, a 
thermodynamic process, involving both thermal and mechanical 
aspects, may approach an ideal reversible type, in which it is entirely 
controlled, or harnessed, so that it is made to develop the maximum 
possible quantity of useful work. This may be illustrated most simply 
by a study of the behavior of a mass of gas in a cylinder having a movable 
piston. 

(b) Before proceeding with the study of this process the apparatus 
to be employed will be described briefly. See Fig. 20 (a). Let the cyl- 
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inder be vertical, and have a long hollow piston which is absolutely leak~ 
proof, yet free to move without friction, and of weight that is relatively 
small and definitely known. The piston may be loaded at will with 
various weights and it is assumed that this load comprises a large number 
of thin plates, which may be transferred to or from the piston in what- 
every number desired. Beside the line of travel of the piston imagine 
an apparatus to which brackets may be attached at any level, for 
receiving portions of the piston load whenever it is desired to slide them 
off. It is thus possible to change the load on top of the piston, and in 
that way to alter the pressure to which the confined gas is subjected. 
Further, it must be considered possible to lock the 
piston in any position. 

It should be noted that sliding the load from the 
top of the piston to a bracket or from a bracket to 
the top of the piston when both are at the same level, 
involves no work, assuming friction eliminated from 
this apparatus. Lifting the load, however, does call 
for the expenditure of work. If the load is lifted 
by the piston, the work is done by’ the confined 
gas beneath the piston, and when the load is lifted 
while on one of the brackets, the work is derived from some outside 
source. 

Two sorts of processes will be employed in the study of this appa- 
ratus, it being understood that useful work means the lifting of a load. 
The first process is a simple mechanical one of shifting load to or from 
the piston and noting the resulting compressions and expansions of the 
confined gas. The second, which is considered in Sect. 52, involves the 
transfer of heat to and from the confined gas, with or without changes 
in the piston load. 

(c) Now, let the mass of gas be confined in its cylinder, with the 
piston loaded so that the pressure is, for example, 100 lb. per square 
inch, absolute. This position of the load is shown by dotted lines in 
Fig. 20(a). As a first experiment, lock the piston, and then remove the 
entire load from it to the position shown by the solid lines. If the pis- 
ton is now unlocked it will move upward abruptly and without control, 
since the upward push of the gas is much greater than the downward 
force due to the weight of the piston. The piston will finally come to 
rest at the upper end of its travel as indicated by Fig. 20(b) and with the 
entire piston load left behind at the initial elevation. Such a process 
will be entirely uncontrolled and no useful work in raising the load will 
be done. Within the mass of gas itself, during this rapid process, con- 
ditions will be very much confused. At the instant of release, the piston 
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will start to rise, and this action will allow the gas immediately adjacent 
to the piston face to expand. Before this release of pressure begins to 
be felt near the bottom of the cylinder an appreciable fraction of a 
second will elapse. This delay results in setting up pressure waves 
within the mass of gas. During such a period, it is not possible to 
state a single value for the pressure sustained by the mass of gas as a 
whole, for the pressure differs from point to point. Since there will be 
a non-uniform distribution of gas mass, neither the density of the gas 
nor its reciprocal, the specific volume, is capable of numerical speci- 
fication and, consequently, the total volume cannot be used in com- 
puting thermal results. 

(d) With density and pressure distributed erratically throughout 
the mass, it is probable that the temperature of the mass also differs 
from point to point. In thermodynamic language, the gas under such 
conditions is said to undergo a turbulent process in which it is never in 
equilibrium except in the initial and final states. In general during a 
turbulent process, the condition of the working substance is not capable of 
simple quantative description at any stage except the initial and final ones. 

(e) Can this process be reversed? That is, can the gas be made to 
contract of its own accord, passing through all of the stages which it 
traversed while the piston was moving up, but in the reverse order? 
All experience shows that such a result cannot be obtained, hence this 
process is called an irreversible one. All turbulent processes are irrever- 
sible. 

(f) However, the fact that a process is irreversible does not imply 
that the working substance can not be returned to its initial condition. 
In the case just considered it would be relatively easy to compress the 
gas so that it would return to its initial state. This could be accom- 
plished by elevating the bracket to the upper position, locking the piston 
and sliding the load on to it. The piston, upon being released, would 
then return to its original position. Such a compression would involve 
doing work upon the gas at the expense of energy received from an 
outside source (used in raising the weight) and the gas would not pass 
through the same intermediate stages that it traversed during the 
expansion. For these reasons the process has not been reversed although 
the gas has been returned to its initial state.” 

(g) Next, repeat the experiment in a slightly different way. Again 
assume that the load is on the piston, which is locked in its lowest posi- 
tion. Remove half of the load, Fig. 21(a@), and then release the piston. 


2 Temperature changes and heat transfers would be involved in this process, 
but they are purposely omitted from this discussion in order to simplify the problem 
for the beginner. 
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Again the latter will move upward abruptly, but since it now carries 
half of its original load, it will move more slowly, and will ultimately 
come to rest, Fig. 21(b), at an elevation lower than in the first experi- 
ment, in which there was no load at all. Now lock the piston again, and 
remove the remainder of the load; then release 
the piston and allow the second step to complete 
itself. (Fig. 21(c).) 

The process has thus been conducted with 
some measure of control, and some useful work 
has been done, in that half of the load has been 
lifted to some elevation above that at which it 
stood initially. 

(h) Asin the first case, the gas can be restored 
to its original condition by elevating the loads on 
the brackets, sliding them on to the piston, etc.; but in this second case 
less work will be done in lifting the loads, since a portion is already 
elevated, and the return process will be conducted in two steps, cor- 
responding to the original ones. The process is not reversed in detail, 
but one intermediate state of the gas and piston will be reproduced. 
The process is still irreversible. 

In this case, there is one stage intermediate between the initial and 
final at which the gas is in equilibrium, for it is allowed to stop its expan- 
sion midway and come to a uniform condition, so that, in that stage of 
the process, its state can be completely specified. 

(i) Instead of carrying out the process in two steps, let it be done 
in ten steps. At the conclusion of these steps the piston will be in its 
upper position, with the load distributed in ten portions, at 
corresponding elevations (Fig. 22). The control of the process 
is more complete, and more useful work has been done, since, 
on the average, the load has been lifted higher. To return 
the apparatus to its initial state, elevate all of these portions 
of the load approximately one-tenth of the total travel, and 
then conduct the ten return steps, the piston accumulating an 
increment of load at each step. The process as a whole is still 
irreversible, but it is obviously approaching a condition of 
reversibility, since in the first case no intermediate steps were repro- 
duced, whereas now ten such steps are duplicated. 
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(j) Now imagine this series of experiments extended indefinitely, 
the load on the piston being removed in progressively smaller portions, 
until the expansion of the gas, and the return compression, have been 
reduced to a series comprising an indefinitely large number of very small 
steps. As the number of steps is thus increased, the actual processes 
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evidently approach the case in which the direct and reverse processes 
correspond, step for step, as closely as desired. In other words, the actual 
direct process approaches as a limit an ideal reversible one. As this 
limit is approached, the useful work done will correspondingly increase, 
and the outside work which must be done preparatory to the return 
process will decrease. In the limit, for the strictly reversible process, a 
maximum of useful work will be done, and no outside work will be neces- 
sary to cause the reverse process to take place. 

51. Reversible Process Defined.—A reversible thermodynamic process 
is one in which everything involved can be made to traverse completely and 
precisely, but in the reverse order, the same steps which it passed through 
in the direct process. During such a process, the working substance 
is constantly in equilibrium,—that is, a reversible process ts a continuous 
sertes of equilibrium states of the working substance. The conditions 
for reversibility as given in Sect. 49(b), are general and hence apply to 
this case. 

The concept of a reversible process is of great value in thermodynam- 
ics for two reasons; first, because, during such a process the history of 
the working substance is completely known, since it is always in equi- 
librium; and secondly, because, during such a process the maximum 
possible useful work is developed. 

52. Availability and Reversibility with Heat Transfers.—(a) So 
far, it has been considered that there has been no transfer of heat to or 
from the gas within the cylinder. A process involving such transfer 
will now be examined. For this purpose there will be needed thermal 
reservoirs which will be designated as “‘ hot bodies”’ or “ cold bodies,’’ 
depending on their relative temperatures. Each of these bodies has 
the special property of giving forth or receiving large quantities of heat 
without alteration in its own temperature. Such bodies are not as 
fanciful as they may seem at first. A cylinder containing a mass of 
liquid and its vapor, under constant pressure, and at uniform tempera- 
ture throughout, is just such a body. When the body receives heat, a 
portion of the liquid will evaporate, and when it gives out heat, a por- 
tion of the vapor will condense, but so long as the pressure is constant, 
the temperature will not vary. 

(b) Now, imagine that the lower head of the cylinder is made of 
some material which transmits heat without resistance. During this 
experiment, the loading of the piston will not be changed nor will the 
piston be locked. Assume that the mass of gas in the cylinder is initially 
in equilibrium at a temperature of 50 deg. fahr., with a certain load on 
the piston. Place the cylinder in contact with a hot body which is con- 
stantly at a temperature of 150 deg. Immediately heat will flow into the 
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gas within the cylinder, and the temperature and volume of the gas 
will increase, moving the piston and its load upward, and ultimately 
equilibrium will be attained when the gas has reached a uniform tem- 
perature of 150 deg. However, during the process, the gas has not been 
in equilibrium, since receiving heat rapidly through the cylinder head 
necessarily sets up a temperature gradient in the mass of gas and 
results in a variable gas density, giving rise to convection currents. 
Hence the gas has been in a slightly turbulent state. To return the gas 
to its initial stat, employ a cold body constantly at a temperature of 
50 deg., which will abstract heat from the gas, and bring it back to the 
starting point. But this action will not reverse the process which 
occurred within the gas mass; the process is irreversible. The net 
result of the direct and return process is that the hot body has lost a 
certain amount of heat to the cold body. 

(c) Again, employ two hot bodies, one at 100° and the other at 150°, 
and conduct the process in two steps. Then return the gas to the initial 
condition by using two cold bodies, one at 100° and the second at 50°. 
For the former, the ‘‘ hot body ” which is at that temperature may be 
used. The net result of these two processes, each consisting of two 
steps, will be that the hot body at 150° has lost heat, the body at 100° 
has recovered all heat that it formerly gave up, and the cold body 
at 50° has gained a quantity of heat equal to that lost by the hot body 
at 150°. But the heat thus transferred will be only half as much as in 
the first experiment. The process is still irreversible. 

(d) Next, just as when changing loads on the piston, increase indefi- 
nitely the number of steps. In this case the 100° rise in temperature 
will be accomplished by using a series of hot bodies, one for each step 
and each at a different temperature. Then, since the gas will be in 
equilibrium at every intermediate state, as the number of steps is 
increased the process as a whole will approach as a limit a continuous 
series of equilibrium states,—that is, it will approach a reversible process, 
and the corresponding net heat transfer between the hot and cold 
bodies will be progressively reduced and approach zero as the limit. 

(e) In these thermal processes it is not so obvious that the useful 
work developed increases, or, conversely that the waste of energy 
decreases, as the reversible process is approached, but it is nevertheless 
true. At this point it is difficult to prove this fact, but the argument is 
briefly as follows: Whenever heat is transferred from a hot body to a cold 
one, over a finite range of temperature, it is possible to interpose a heat 
engine, receiving heat from the hot body, converting a portion of it into 
useful work, and rejecting the remainder to the cold body. If the heat is 
transferred without the interposition of such an engine, as a part of the par- 
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ticipating system, as in the case just considered, the possibility of developing 
this work has been sacrificed. But as the difference in temperature 
between the two bodies is reduced, the capacity for developing work by 
such an engine is lessened, and as this temperature interval approaches 
zero, the work developable also approaches zero. Later (in Sect. 121) a 
definite proof will be given to show that the reversible process sacrifices 
no energy that could be utilized and hence develops a maximum of 
useful work. 


53. Reversibility and Irreversibility Combined in a System.—(a) 
In engineering practice, heat must very often be transferred between a 
gas or vapor within a cylinder, and hot or cold bodies outside, but rarely 
are these hot bodies at constant temperature, and never are they at the 
same temperature as the material within the cylinder,—in fact, seldom 
do they even approximate such equality. Such heat transfers are 
entirely turbulent, or irreversible processes, so far as the entire system 
of participating bodies is concerned, and therefore the maximum pos- 
sible work development is not realized, and, strictly speaking, little 
can be done in the way of detailed analyses of the processes as a whole. 
For example, it is impossible at any instant to give numerical values 
for the pressure, temperature, etc., of the entire mass of working sub- 
stance and the material of the other participating bodies. How- 
ever, since such processes are of such frequent occurrence, they will be 
examined further. 

(b) Suppose the heat transfer process is conducted in a somewhat 
different manner from that in the preceding section. Again start with 
the gas at 50°, but employ only one hot body, at 150°. With the cylin- 
der head made of material which conducts heat without resistance, 
marked temperature gradients are set up within the gas, hence the state 
of the gas, considered by itself, is turbulent. Of course, the state of 
the entire system, comprising the hot body, cylinder, and gas, is also 
turbulent. The process executed by the entire system is irreversible, 
and so is that for the gas within the cylinder, considered alone. 

(c) Now assume that the cylinder head is made of some material 
which transmits heat very slowly, that is, it is of some substance that is 
partly heat-insulating. Heat will now pass to the gas more slowly, 
the resulting temperature gradient within the gas mass will be less 
pronounced, and the expansion of the gas will be slower. By using 
better and better heat insulation for the cylinder head, the action can 
be retarded to any desired extent, so that, at any instant, the departure 
of the gas from equilibrium can be made as little as desired. That is, the 
temperature gradient within the gas can be reduced to as small a frac- 
tion of one degree as may be assigned, and the pressure, density, etc., 
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are also made correspondingly sensibly uniform. The limiting process 
is a continuous series of equilibrium states for the mass of gas considered by 
itself, and hence it becomes a reversible process for that body alone. So far 
as the gas within the cylinder is concerned, the process is identical with 
that resulting from the use of an indefinitely large number of hot bodies, 
each at a different temperature and the useful work developed is the 
same. It is capable of complete analysis in exactly the same manner. 

(d) But the transfer of heat through the cylinder head, from the hot 
body to the colder gas within the cylinder is irreversible since the two bodies 
are at such different temperatures that there is a sacrifice of useful work 
that might have been developed, had an engine been imposed between 
the hot body and the colder gas. Hence, although a part of a system 
may be performing a reversible process and thus be converting into useful 
work a maximum of the heat energy it receives, yet the process as a whole, 
considering the entire participating system, may be irreversible and conse- 
quently not developing the greatest amount of useful work possible. In 
such cases the state of the system as a whole cannot be specified numer- 
ically except initially and in the final state of equilibrium to which it 
naturally and inevitably progresses. From the foregoing it is obvious 
that, in general, when a reversible process is said to result in a maximum 
development of work it must be remembered that all participating 
bodies in the entire system must be considered as included and that 
they must all be executing reversible processes. 

(e) In engineering studies, although actual processes may be 
irreversible, it is usually proper to think of them as split up into parts, 
some reversible and others irreversible. The latter are susceptible of 
analysis only by special methods, if at all, but fortunately they are 
often merely of secondary interest. The reversible parts, on the con- 
trary, are usually of prime importance and since they may be analyzed 
completely, without reference to the exact manner in which they may 
be caused to occur, a knowledge of such processes is of great practical 
value. 


54. Actual Approximations to Reversible Processes.—(a) Since, 
strictly speaking, only reversible processes are capable of complete 
analysis, it is now pertinent to inquire how closely certain important 
processes approach irreversibility. For example, if air is compressed 
in a cylinder, many results are computed on the assumption that the 
process is subject to complete numerical description, that is, that the 
process is reversible, so far as the gas within the cylinder is concerned. 
It is impossible to determine just how much error is thus introduced, 
but it will usually be negligible. The speed with which the process is 
conducted evidently has much to do with the condition of the gas. 
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However, considering that sound travels through the air, by waves, with 
a velocity of some 1100 ft. per second, and that it will travel faster 
as the air is compressed to higher densities, it seems evident that no 
material pressure differences can long be sustained within the cylinder 
of any machine of feasible size. Large temperature differences can be 
sustained by stagnant gas, but it would seem that gas being com- 
pressed with reasonable rapidity will be somewhat agitated so that only 
small temperature differences can persist. If pressure and temperature 
are sensibly uniform throughout the mass of gas, density must be also, 
and likewise any other properties whose values depend upon the state 
of the gas. It has been pointed out that the gas mass is probably 
agitated, but if the properties whose values depend upon its state have 
sensibly uniform values throughout the mass, any relative motion of 
one element of mass with respect to others is ordinarily of little ther- 
modynamiec significance. Motion of the mass as a whole is important, 
as when compressed gas escapes into the atmosphere through a nozzle, 
but mere confused motion within the gas itself does not, taken alone, 
generally involve any thermodynamic consequences. 

(b) It is entirely safe to assume that the usual processes in which 
gases and vapors are compressed or allowed to expand may be con- 
sidered to be reversible so far as the gas or vapor alone is concerned. 
Except in special cases, the substance may always be thought of as in an 
equilibrium state, subject to numerical description. It is important 
to remember, however, that the gas or vapor under consideration is often 
only a part of the entire system which is participating in the process. 
There may be adjacent bodies transmitting heat to or from the active 
working substance, and these heat transfers may be, and usually are, 
irreversible, so that the process as a whole is irreversible, and hence fails 
of developing the maximum work. 

55. Graphical Representation.—(a) The fact that equilibrium 
states and reversible processes are such that the state of the working 
substance at every instant can be described fully in numerical terms 
makes possible interesting and valuable graphical representations of 
such states and processes. For example, the expansions and com- 
pressions of the gas confined within the cylinder described in Sect. 50 (c), 
in which the load was shifted to and from the piston, may be repre- 
sented graphically by employing pressure and volume coordinates. 
The initial state of the gas, with full load on the piston, was charac- 
terized by high pressure and small volume, and may therefore be rep- 
resented by point ain Fig. 23. The final state, following sudden expan- 
sion due to the removal of the entire load, was characterized by low 
pressure and large volume, and may be represented by point b in the 
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same figure. The intermediate states cannot be represented at all, 
since at any instant, the pressure, density and other properties of the 
gas, were not uniform, and hence cannot be stated numerically. 

(b) In the second experiment, in Sect. 50 (g), conducted in two steps, 
the gas is in equilibrium in the two end states, and in one intermediate 
state, thus the three points, a, b, and c of Fig. 24 represent all that is 
known of this process, 


oa 


oo 


V 
Fre. -23. Fig. 24. 


(c) For the ten-step process, in Sect. 50 (i), Fig. 25 represents what 
took place during that experiment. 

(d) As the number of steps is increased indefinitely, the points come 
closer and closer together, hence they approach as a limit a continuous 
curve, which indicates the mode of variation of pressure with respect 
to volume throughout the reversible process, as shown in Fig. 26. 

(e) In the experiments in which heat was added to the gas, with 
constant load on the piston, Sect. 52 (b), the volume and temperature 
of the gas changed, and all that is known regarding these two variables 
is shown by Fig, 27, The initial state of the gas was characterized by 


Fig. 26. Ne PK 


low temperature and small volume (point a), and in the final state 
both temperature and volume had increased (point b). Intermediate 
points cannot be plotted, because the intermediate states of the gas 
were turbulent. 

(f) In Sect. 52 (d) the process of transferring heat was considered 
to be conducted in progressively smaller steps, for which Fig. 28 is a 
typical plot. As before, the states intermediate between the equi- 
librium points which mark the division of the process into steps cannot 
be plotted. As the steps become progressively smaller the process 
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approaches as a limit a reversible one which may be represented by a 
continuous curve, as shown in Fig. 29. 

(g) Similar curves might be drawn with other coordinates, such as 
specific volume against specific heat content, pressure against tempera- 
ture, specific internal energy against specific volume, ete. Since there 
are several such properties, there are a number of possible pairs. Some 
of these combinations give diagrams which are of great value in engi- 
neering applications, others are of more interest in highly technical 
studies, and some yield such meager information 
that they are rarely, if ever, used. 

(h) In studying reversible changes of state, it 7 
is customary to speak of the entire series of T era 
equilibrium states intermediate between the initial 
state a and the final state b, as the path of the 
change of state ab. Any curve plotted to represent 
this series of states is also referred to by the same 
term, or as the path of the process. 

56. Summary.—(a) A body is said to be in equilibrium when it 
is incapable of spontaneous change. Bodies in equilibrium are char- 
acterized by uniform? (not necessarily constant) values of pressure, 
density, specific volume, temperature, specific internal energy, specific 
total heat, etc. Only equilibrium states can be described numerically. 
The opposite of an equilibrium state is a turbulent one, in which the 
body is characterized by non-uniform distribution of pressure, density, 
temperature, etc. Most actual states of working substances, used in 
engineering applications of thermodynamics, approximate equilibrium 
conditions sufficiently closely to justify the assumption that they are in 
equilibrium. 

(b) A reversible process is the limit approached by an actual process 
as it is increasingly controlled, or harnessed, so as to develop progres- 
sively more useful work. A reversible process is a continuous series of 
equilibrium states of the entire system of bodies participating in the 
process. The history of the entire system during such a process is com- 
pletely known in terms of numerical quantities depending upon the 
state of the system. During a reversible process, the maximum pos- 
sible useful work is developed. The opposite of a reversible process is 
an irreversible one, during which the system passes through turbulent 
states. Such a process cannot be described numerically, since momen- 
tary states of the system as a whole cannot be determined. 

(c) By themselves, certain parts of a system may be considered 


a 
Vv 
Fig. 29. 


3 Except for the effect of gravity, and except for two phase substances, such as a 
coexistent vapor and its liquid. 
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to execute reversible processes and their action may be analyzed on 
that assumption, despite the fact that the system as a whole may be 
undergoing an irreversible process. 

(d) An equilibrium state of a body may be represented graphically 
by a point in a field whose coordinates are the values of any two char- 
acteristics of the body. A reversible process may be represented in such 
a field by a curve setting forth the mode of variation of one property as 
compared with another. A turbulent state, or a turbulent process, 
cannot be represented in this way, in terms of any variables whatever. 
The series of equilibrium states which constitute a reversible process, or 
any curve representing this series, is called the path of the process. 


CHAPTER VI 
ENTROPY 


57. Explanatory.—(a) In many thermodynamic problems a certain 
property, known as “Entropy,” is found of great importance. When 
applied to working substances its use simplifies engineering calculations 
that would be very complicated without it. When applied to a system of 
bodies it also enables scientists to draw certain sweeping conclusions 
with regard to natural phenomena,—conclusions which would otherwise 
be difficult to formulate and which materially assist in developing the 
laws governing thermodynamic transformations. 

(b) When heat is added to a working substance during any process, 
the rate of addition may be constant or variable, depending on the con- 
ditions of the transfer. But, in any event, the aggregate amount added 
while passing from the initial state a to the final state b, along some 
specified path, is represented by the symbol Q.s, which may also be 

i) 


expressed more significantly by } dQ in which the integration is along 


the given path. But, as it stands, this integral cannot be evaluated, 
because, as noted in Chapter IV, the heat added to any working sub- 
stance during any process depends upon that process, or path, and is 
not determined solely by the initial and final states. In other words, 
it is impossible to find a single quantity X, such that 


Qab = X> a Xe 


(c) However, if dQ can be expressed in terms of any properties of 
the working substance whose values have determined the continuous 
series of states through which the substance passed in going from a to b, 
then this integral takes a form that can be evaluated. Thus, if ¢ is the 
specific heat of a substance for a given process, then dQ = wedT’,, and 

b 


QO. = w } cdT, which may be integrated if the value of the specific 


heat for the particular process is known in terms of the temperature 

for the given case. Expressing dQ thus in terms of specific heat and 

temperature is often of great value, but it is frequently much more con- 
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venient and useful to express it in terms of temperature and “ entropy,” 
which will now be considered. 

58. Definition of Entropy, ¢.—(a) The absolute values of the 
entropy of any working substance are not of importance to the engineer 
since he uses only its changes. Hence, its definition will be given in 
terms of the latter; thus: The entropy, ¢, of a substance is that property 
whose gain between any two states a and b is such that 


'b 
Adab =| 7 2 5 = ° 3 < - (25) 


this integration being made for any reversible path between a and b. 
It will be seen later that the result will be the same regardless of what 
reversible path is used for this integration. 

(b) In the special case in which the substance remains at constant 
temperature while receiving heat, the increase in entropy is the total 
amount of heat thus added divided by the constant absolute tempera- 
ture prevailing. However, in most cases heat is not transferred at 
constant temperature and it is therefore usually necessary to use the 
more general expression given in Kq. (25). ; 

(c) Entropy is like the pressure, volume and temperature, in that 
it assumes a single definite value measured above some convenient 
datum for any given state of the substance, no matter how that state is 
reached. Hence, whenever the substance is brought from state a to 
state b, its entropy changes from one definite value to another,—that is, 


Agad = $d — da, ge iy ES A cet 


and in this respect it differs from Q.., which is not independent of what 
occurs between the initial and final conditions, but depends upon the 
process ab. 


(d) From Kq. (25) it is evident that, for a reversible process, 
cA) oe mca pope) 


occa ere 2 Mages geen beenS) 


which is the general equation for the heat added to the working sub- 
stance during any reversible process ab, expressed in terms of tempera- 
ture and entropy. 
(e) If a curve be plotted with T¢-coordinates to represent the rever- 
b 
sible process ab, as in Fig. 30, the | Td will be shown by the area 


a 


and hence 
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under the curve, extending dewn to abselute zere, hence Q,» is shown 
by the area abmn in the figure. 

(f) It is erdinarily impessible to integrate a differential expression, 
frem ene value te another ef the independent variable, until the relation 
between the variables involved is known. For example, the differential 
expression xdy cannot be integrated until some equation connecting x and 


y is given. Thus, if x = y, the integral becomes a + K; ifz = logy, 
the integral becomes y logy — y+ K; and if x = y™, the integral 


1 
becomes = 7g] + K. In like manner, the differential expression Td¢ 


cannot be integrated for any change of state until the path of that 
change is known—that is, until the relation be- 
tween 7 and ¢ is determined throughout the T 
process. For reversible processes this relation is 
definitely known and hence Q,», in Eq. (28) can 
be determined for such cases, as will be seen 
later. 

(g) For turbulent precesses Eq. (28) is ebvieusly 
indeterminate since equatiens cannet be written fer 
their paths because the quantities invelved de net 
have uniferm values threugheut the entire mass 
and hence cannot be related in any definite manner. On the contrary, the 


entrepy expression ee = dd may be integrated between the states a 


and b, and the same change of entrepy is secured whatever may be 
the path of the precess between these states. Hence, te determine 
the difference in values of the entropy of a substance in any two speci- 
fied states, it is merely necessary to devise any reversible process 
whereby the substance in question may be conducted from one of these 
states to the other, then write the equations defining the path of this 
process, and integrate the general expression as given by Eq. (25). 
In later chapters this method will be illustrated for a number of cases. 

59. Entropy Units.—(a) Since, in Eq. (25), dQ is expressed in heat 
units and 7’ in absolute temperature, the change of entropy must be in 
terms of heat units per unit of temperature. Thus, entropy is expressed 
io heat units per degree and will, therefore, depend on both of these 
units, — for example it may be stated in B.t.u./deg. fahr., or in cal./deg. 
cent., which result in different numerical values.' It is customary not 
to name the unit, but simply to give the entropy of any substance in 

1 But the specific entropy is the same for any given substance, regardless of the 
units in which its weight and dQ are measured. 
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any state, or the change of its entropy during any process, as a number, 
sometimes adding the phrase “‘ units of entropy.” 

(b) Since the heat added to a substance to produce any change in 
its state is proportional to its weight, the corresponding entropy change 
has the same proportionality, and in this respect is like internal energy, 
total heat, and volume. For simplicity, when these quantities are 
referred to in terms of unit weight the word ‘‘specific” is usually pre- 
fixed to the name. 

60. Physical Significance of Entropy.—Much time and effort have 
been expended in the search for an easily comprehended physical sig- 
nificance of entropy, but the results are more likely to confuse the begin- 
ner than to assist him. Until one has studied thermodynamics and the 
theory of the constitution of matter very much further than this text- 
book pretends to go, it is usually undesirable to seek for a physical 
meaning for the entropy of a substance. Let it be regarded as a math- 
ematical concept, whose existence is demonstrable (although this book 
does not attempt to prove this rather involved mathematical theorem), 
and whose relations to other things are such that it is of great utility 
in engineering calculations. Like moment of inertia, internal energy, 
and heat itself, entropy is of great value and may be used without any 
direct conception of just what it is in a physical sense. Entropy is 
not an observable property which can be measured, like pressure and 
temperature, but it is a mathematical function of quantities which can 
be so determined. It is real, although it is not appreciable to the senses. 

61. Illustrations Concerning Entropy.—(a) The experiments dis- 
cussed in Chapter V will now be considered further to examine the 
entropy changes involved. 

(b) In the simple mechanism in which a falling weight lifted another 
mass by means of a cord running over a sheave, Sect. 48 (c) and (d), the 
thermal aspects of the problem are secondary, hence the study of the 
entropy changes, while entirely possible, would be of little value. 

(c) However, the case of the block of ice floating in hot water is 
worth examining further. As long as any ice remains as such, it will 
still be at the temperature 32 deg. fahr., while the water from which it is 
receiving heat will be at a higher temperature. Assuming no losses, 
the heat absorbed by the ice is equal to that given up by the water. 
That is Qice = — Qwater- But the heat abstracted from the water is 
some function of the variable water temperature, TJ», thus Quater = f(Tw). 
Then it follows that the gain in entropy of the water is negative and is 


equal to 
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This integral cannot be evaluated until the function f(T) is known; 
but, from Sect. 58(6) it follows that, since the absolute temperature of 
the melting ice remains constant at 492°, the gain in its entropy is 


w= Qice —s ss Qnater = epee d-[f(Tw)] 
COS seers ala if ova @ ee 


Then, since 7» is always greater than 492, it follows from equations 
(A) and (B), which have the same numerators, that 


A dice ae AQwater- 


This inequality leads to the conclusion which may be startling for a 
moment, namely, that the entropy of the ice increases more than the 
entropy of the water decreases. In other words, the aggregate entropy 
of the entire mass of ice and water increases until they reach the same 
temperature when the process stops. This phenomenon ts character- 
istic of all spontaneous processes,—they are always accompanied by an 
increase in the entropy of the system executing the process. 

(d) A similar result will follow from the study of the process in 
Sect. 52 (b), of heating a gas by means of a hot body at a higher tempera- 
ture. Assuming no external loss, the rate of heat transfer by the hot 
body is always equal to the simultaneous rate of heat absorption by the 
gas, but the temperature of the hot body must be greater than that of 
the gas, hence the rate of decrease of entropy of the hot body is less 
than the rate of increase of entropy of the gas. Therefore the entropy 
of the entire system increases, as in the previous case. When the heat- 
ing is carried out with an increasing number of hot bodies, as described 
in Sect. 52 (d), the temperature difference between the gas and the par- 
ticular hot body, which is momentarily in contact with it, is progressively 
decreased. This difference approaches zero as the reversible process 
is approached, and with it the entropy increment of the entire system 
approaches zero. 

62. Generalizations.—(a) From the foregoing discussion several 
generalized statements may now be made. Certain processes may 
proceed by themselves, that is, there are processes during which the 
working substance passes spontaneously from a state in which it is not 
in equilibrium to one of equilibrium, without any outside interference. 
During such a process, the useful work developed is zero, the increase 
of entropy of the system is the maximum possible, and the internal 
energy of the substance is constant, since it is cut off from outside 
influences. As this process is harnessed more and more effectively, 
an increasing measure of useful work is done, the gain in entropy of the 
working substance is reduced, and its internal energy is changed due 
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to the work developed. The completely controlled reversible process 
develops a maximum of work, and entails no change in the entropy of the 
entire system. 

(b) For any given state, the entropy of the working substance is fixed, 
whatever the path by which that state is reached. During a process, any 
energy that is dissipated as heat, which is later returned to the working 
substance, increases the entropy precisely as though an equivalent 
quantity of heat had been purposely added from outside sources at 
similar temperatures. If a relation is known between the rate of this 
heat addition and the simultaneous temperatures, the corresponding 
increase in entropy can be computed. If such a relation 1s not known 
it is necessary to obtain the final state of the working substance from other 
considerations, and then, its state being known, its entropy may be deter- 
mined. 

(c) In any process, when all participating bodies are considered, an 
increase of the aggregate entropy of the entire system shows that this 
process has failed to develop the full quota of useful work which would 
have been possible were the process more fully controlled. In other 
words, the gain in entropy of the entire system is a measure of the unavail- 
ability of work, or of the dissipation of energy, during the process. 

(d) Processes may be thought of as divided into parts, some irre- 
versible, others reversible. The reversible portions may be analyzed com- 
pletely, and the changes of entropy may be computed readily for the 
body executing those parts of the process. These reversible changes of 
entropy, however, do not make up the change in the aggregate entropy 
of the entire system, and are therefore not related to the availability of 
work in any simple manner. 

(e) The law of the conservation of energy and the general principles 
just learned about the entropy of an isolated system are sometimes 
generalized by stating that the energy of the universe is constant, while 
the entropy of the universe tends toward a maximum. This is a generaliza- 
tion from small, well-known processes, to vast phenomena which are 
little understood, and the conclusion is possibly too broad. It may be 
that in the processes whereby nebulae come into being and develop into 
planetary systems, actions may occur during which entropy decreases, 
and perhaps energy increases. Such questions are far beyond the scope 
of technical thermodynamics and must be left for the speculations of 
the astronomical physicist. However, the generalized statement is true 
for all processes with which the engineer deals. 

(f) In the chapters that follow, various changes of state of gases 
and vapors will be studied by computing, or obtaining graphically, 
such results as may be of service in everyday engineering applications. 
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In connection with these studies a knowledge of entropy will be found of 
great assistance. The most convenient methods of determining the 
numerical values of entropy for many different cases will be shown in 
detail when studying the various thermodynamic processes. 
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CHAPTER VII 
THE PROPERTIES OF GASES 


63. Phases of Matter.—(a) All substances are known to exist, under 
proper conditions, in various distinct, phases, some solid, some liquid, 
and some vaporous or gaseous. Most substances are commonly known 
in only one or two of these phases. For example, copper is familiar in 
the solid phase, but it can be melted rather easily, and at high tem- 
peratures it can be vaporized. Again, carbon dioxide is ordinarily in 
the gaseous phase, but if it be subjected to sufficiently low temperature 
and high pressure, it will condense to the liquid phase, which in turn 
may freeze to the solid phase. Sulphur is an example of a substance 
which has five phases,—two solid, two liquid and one gaseous.! 
Similarly water may exist in several solid phases which depend on 
the pressure to which it is subjected.” 

(b) This chapter is devoted to the study of those substances which 
ordinarily appear in the gaseous phase, far removed from the conditions 
under which condensation can occur. Such substances are often called 
“‘ permanent ”’ gases, a term which has come down from the time when 
it was believed that they could not be liquefied. Because of the ease 
with which they can be handled, these ‘‘ permanent gases ’’ were studied 
very early, and about a century and a half ago their behavior was 
reduced to very simple mathematical relations. More recent researches 
have shown that these simple statements are subject to small errors, 
which increase as the temperature is lowered, and as the pressure is 
raised; but for engineering work the errors are negligibly small, except 
in problems requiring a high degree of precision, or in processes in which 


1 The transformations from phase to phase are usually designated as follows: 


solid to liquid — melting 

liquid to solid — freezing or solidifying 
liquid to gaseous — evaporating or vaporizing 
gaseous to liquid — condensing or liquefying 
solid to gaseous 1— subliming 

gaseous to solid — condensing or solidifying 


2See Bridgman, ‘Properties of Matter Under High Pressures,’ Mechanical 
Engineering, March, 1925, p. 161. 
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the substances involved are carried to temperatures or pressures 
approaching too closely the conditions of condensation. 

64. Boyle’s Law.—This law may be stated thus: When the tempera- 
ture of a given mass of gas is constant, the volume and pressure vary 
inversely: that is 


PY =a constant = Ky, the temperature not changing. . (29) 


As soon as the simultaneous values of pressure and volume for any 
given mass of gas are known, the value of the constant Kj is established, 
and the volume corresponding to any pressure, or the pressure corre- 
sponding to any volume, may then be computed. The value of K, 
depends upon the kind of gas, the weight considered, and the tempera- 
ture at which it is maintained. 

65. Charles’ Law and Absolute Temperature.—(a) One form of 
statement of Charles’ law is: When the volume of a given amount of gas is \ 


held constant, the change in the pressure of the gas 1s proportional to the | 


change in its temperature. This law may be represented graphically by 
the straight line abc in Fig. 31 in which the simultaneous values of tem- 
perature and absolute pressure are given for the three states a, b, and c, 
the temperatures being measured above any convenient datum to. 
In order to satisfy this law of Charles the three states a, b, and c, must 
be so located that 

Ps — Pa _ De — Pa _ AP 


Ee erie eles aconstant, . . . (30) 


in which the constant represents the slope of this line. 


Fie. 31. 


(b) If this law should hold perfectly for the gas when cooled indefi- 
nitely at constant volume, the absolute pressure would eventually 
become zero, as is indicated in Fig. 32 by the point z, through which 


coordinate axes p’ and T are drawn. From the figure it is seen that 
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But the distances aa’, bb’ and cc’ represent the values of the absolute 
pressure of the gas in three states a, b, and c, respectively, since they are 
each measured above the true zero of pressure. Similarly the distances 
za’, zb’, and zc’, may be said to represent values of the absolute tempera- 
ture of the gas in states a, b, and c, respectively, since they are each 
measured above a true or absolute zero of temperature, rather than above 
an arbitrarily chosen one, such as tf). The particular temperatures that 
are used as the arbitrarily chosen zeros of our usual thermometer 
scales are thus found to be a certain number of degrees, measured by 
such a scale, above the absolute zero of temperature. Hence it follows 
that the absolute temperature may very properly be expressed in terms 
of any arbitrarily chosen temperature scale, such as the centigrade or 
the Fahrenheit. Careful experiments indicate that the absolute zero is 
very close to 491.6 fahrenheit degrees, or 273.1 centigrade degrees, 
below the temperature of melting ice. Thus, using 7 for the absolute 
temperature and ¢ for ordinary temperature, and retaining only three 
significant figures, the following relation must hold for the usual scales. 


In centigrade degrees, T = ¢ + 273. 
In fahrenheit degrees, T = t + 492 — 32 = ¢ + 460. 


Similar relations exist for other thermometer scales. 

From this discussion it is apparent that the statement that the 
absolute temperature of a body is so many degrees, means nothing until 
it is specified or understood what scale is used for measuring these 
degrees. Throughout this text, unless otherwise stated, the “‘ absolute ” 
and “ ordinary ”’ temperatures will be expressed in fahrenheit degrees. 

(c) By using absolute temperatures, Charles’ Law may now be stated 
in simpler terms than given in (a). Thus, it becomes: In a given 
mass of gas the pressure is proportional to the absolute temperature, if the 
volume is constant; that is 


P = KeT, the volume being constant, “siete MEE) 


in which Ke is a constant which depends upon the kind of gas, the 
mass considered and also upon the volume occupied. 

(d) Charles’ Law is also stated for the case in which the pressure is 
kept constant, as follows: When the pressure of a given mass of gas is 
constant, the volume is proportional to the absolute temperature; that is 


V = K3T, the pressure being constant, . . . (32) 


in which the constant Ks depends upon the kind of gas, the mass 
considered and also upon the pressure sustained. 
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66. The Characteristic Equation of Gases.—(a) Let a known weight 
of a specified gas be changed from state a to any other state b. It is 
desired to find the equation expressing the relation between pressure, 
volume and absolute temperature at these two states. Assume c to be 
some other state such that JT, = T, and V, = Vs. Then, from Boyle’s 
law, since TI, = T,, it follows that P.V. = P.Ve, 


; 
or ET SE Be 
\We Vo 


and from Charles’ law, since V. = V2, P./Ps = T/T», 


or joey aba sls eee ce ee eee ts 


is iM 
Then from Eqs. (a) and (6), 
Va — dehy, 
ve on Ts ) 
% ave Bev 
aYa bY b ‘ 
Te ap ee ee ee eae) 


That is, since a and b represent any two different states of the gas, it 
follows that for any state of the gas, 
Ve 
ee eee oer 
in which Ky is a constant depending only upon the weight of gas and 
upon the nature of that gas. 

(b) For any given gas, if the pressure and temperature be main- 
tained constant, the volume is clearly proportional to the weight of gas. 
Similarly, if the volume and temperature be fixed, the pressure will be 
proportional to the weight, since to confine twice as much gas within 
the same volume twice as much pressure is required. Again, if the 
pressure and volume be constant, the absolute temperature will be 
inversely proportional to the weight of gas. Accordingly, the constant K4 
must be proportional to the weight of gas considered, and it may, there- 
fore, be replaced by the product wf, in which RF is a constant depending 
only upon the nature of the gas considered. Thus 


PV _ 
ie 


ea ==, 01h ee ee ied. <8 (OO) 


DI, Lh rece ae eee (Gos) 


or 


This equation will be used so often that it should be memorized. 
(c) It has already been stated that no real gas behaves precisely 
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according to the Laws of Boyle and Charles; and it follows that Eq. 
(36) is not strictly accurate for any real gas. It is, however, sufficiently 
exact for all except the most precise engineering computations, for all 
of the more common “ permanent” gases.’ Strictly speaking, how- 
ever, this equation defines the behavior of no real gas, but of an imag- 
inary series of “ideal” gases (a series because the constant R may 
assume different numerical values), and for this reason it is usually 
designated as the characteristic equation of ideal gases, or, more briefly 
as the ideal gas law. 

Kq. (36) taken alone does not define the concept of the ideal gas. 
An ideal gas is defined as one that follows Eq. (36) exactly, and also 
has c, constant at all temperatures. 

(d) From this ideal gas equation, it would appear that if any weight 
of such a gas were reduced to extremely low absolute temperatures, its 
pressure-volume product would bécome very small, approaching zero 
as the absolute temperature approached zero. That is, at absolute zero 
temperature, either the pressure of an ideal gas or its volume must be 
zero. Zero pressure implies the complete absence of molecular activity, 
which is consistent for absolute zero. Zero volume, on the other hand, 
is scarcely conceivable even for an ideal gas. If real gases be cooled to 
extremely low temperatures, they will condense to liquids, and freeze 
to solids, thus departing altogether from the behavior which is described 
by the ideal gas equation. This aspect of the ideal gas equation, how- 
ever, is of no significance as applied to real gases, for the equation is 
merely an empirical expression of relations observed at temperatures 
well above the absolute zero. It ceases to be even approximately true 
for real gases when their temperature is lowered far below ordinary 
atmospheric levels. The failure of this equation at low temperature is an 
excellent illustration of the impropriety of extending the results of 
restricted experimental observations far beyond the range of values 
within which the results were obtained. 

67. Units.—(a) In this text, the basic units for the ideal gas equa- 
tion will be taken thus: pressure in pounds per square foot, volume in 
cubic feet, weight in pounds, and absolute temperature in degrees 
fahrenheit. The numerical values of R, given in Table II on page 80, 
are for these units. For air, for example, its value is 53.3, that is, from 
Eq. (86) 
for air, PY = 53.301... nt eee a) 


* For a discussion of the deviation of real gases from this ideal gas equation 
see U. 8. Bureau of Mines Technical Papers No. 131 and 158, on the Compressibility 
of Natural Gas. It is pointed out that under everyday working conditions, natural 
gas deviates from the ideal gas law by as much as 15 per cent. 
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Sometimes it is convenient to base computations on the pressure in 
pounds per square inch, because this is a much more common unit for 
actual measurement of pressures than is the pound per square foot. 
Since P = 144p, Eq. (36) may be written, 


wRT 


44" (38) 


in general, Dis 


where p is measured in pounds per square inch. The value of R/144 
for air is 0.3701, hence the equation becomes, 


: \ 
for air, oV = 0.3701wT. rey Seer hele) 


(b) Similarly, pressures are sometimes taken in inches of mercury at 
32 deg. fahr. The density of mercury at the ice point being 0.4912 lb. per 
cubic inch, the pressure in inches of mercury at 32 deg. fahr., p’’, multi- 
plied by 0.4912, equals the pressure in pounds per square inch; or 
p = 0.4912p’”. This value may be substituted in the foregoing equa- 
tion, giving, 


: ’ = wRT 
in general, 0.4912p"V = 144” 
or 
P wRT 
PV = 90.78" wy 


where p” is measured in inches of mercury at 32 deg. fahr. The value of 
R/70.73 for air is 0.754, thus, 


for air, mV = Oooo ias ee eS 


In Table II, on page 80, there are given values of R, R/144, and 
R/(0.4912 X 144), for a number of gases. 

68. The Mol and the Universal Gas Constant.—(a) According to 
* Avogadro’s Law, equal volumes of all gases at the same temperature and 
pressure contain an equal number of molecules. From this law it follows 
that the densities of any two gases, say 1 and 2, at the same pressure 
and temperature, are in the same proportion as their molecular weights, 
m, and m2. But since the specific volume, V, is the reciprocal of den- 
sity, d, it therefore follows for these conditions that, for any two gases 
indicated by the subscripts 1 and 2, 


Vi dz me (a) 


Vo ay on: 


Hence, if the gases be measured by a new unit of weight called the mol, 
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or mole, which is defined as the weight of m pounds (or grams) of the 
particular gas, it follows that 


Volume of 1 mol of gas; _ Volume of m1: pounds of gasi _ mV 1, (b) 
Volume of 1 mol of gasz | Volume of mz pounds of gasz — m2V2’ 


= (2)(@) =1. a: ie ee 


In other words, from Avogadro’s Law, the value of the volume of 1 mol 
is the same for all gases when at the same pressure and temperature, 
This constant volume of the mol is usually taken for a pressure of one 
atmosphere and a temperature of 32 deg. fahr., and under these con- 
ditions its value is very close to 360 cu. ft. 

(b) The ideal gas equation for one pound of gas, is 


or, from (a) 


PV RT As eee 
or 

See T 

Via Po Soop BO a alee (e) 

my = MEE < Gy pp eae 


But mV is the volume of 1 mol of the gas, and is the same for all gases 
under the same pressure P and temperature 7’, hence mR must also be 
constant. 

This product, mR, is often designated as the universal gas constant, 
and the symbol R’ may be used for it. Since, for any weight of gas 


PV bile 
then 
P(mV) =-w(mR)T = wh'T, 
or 
wk’'T 
Sd miu oem MRE the AL eC) 


(c) The value of R’ is close to 1544, but an inspection of Table II 
will show that all of the real gases do not yield this value exactly, prob- 
ably because many depart considerably from an ideal gas. 

For approximate purposes it is convenient to remember that the 
gas constant R, for any gas (for pressure in pounds per square foot), 
is approximately equal to 1544 divided by the molecular weight of that 
gas. Jor gas mixtures, like air, there is, strictly speaking, no molecular 
weight, and the gas constant must be determined by the method indi- 
cated in Sect. 75. 
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(d) The gas constant R, represents the work done when a unit weight 
of the gas is heated one degree at constant pressure. Thus, with the 
system of units used in the text, R represents the foot-pounds of work 
done by one pound of gas when heated one degree fahrenheit at con- 
stant pressure. Hence it follows that the universal gas constant mR, or 
R’, with this system of units, would be the foot-pounds of work done by 
m pounds of the gas, or one mol, when heated one degree fahrenheit at 
constant pressure. 

69. Joule’s Experiment.—(a) About 1844, Joule experimented with 
the so-called free expansion of gases,—that is, with the expansion of a 
gas in such a way that it develops zero work, and neither receives nor 
loses heat. Under such conditions, the internal energy of the gas must 
remain constant, since, from the simple energy equation, Eq. (9b). 


Ty — Ig = Qas — Wav = 0. 


His experimental apparatus consisted of two large flasks, connected by 
a short tube with a stop cock, all immersed in a water bath, together 
with thermometers, etc. One flask was filled with gas at a high pressure, 
22 atmospheres, and the other was evacuated as completely as possible. 
After the entire apparatus had reached a uniform temperature, the stop- 
cock was opened, permitting the gas confined in one flask to expand to 
fill both vessels. As the volume of the two flasks was unchanged, no 
external work was done. Since the water bath had the same final tem- 
perature, after equilibrium was established, as it had originally, there 
was no net transfer of heat between the gas and the water. Hence the 
internal energy of the gas was the same before and after the expansion. 
The cardinal observation of Joule was that the temperature of the gas 
was also the same before and after the expansion. ‘That is, when the 
internal energy of an ideal gas is constant, the temperature is also con- 
stant, regardless of the changes in pressure and volume,—or, in other 
words, the internal energy of an ideal gas depends only upon its temperature. 

(b) It is now desired to find the quantitative value of the change of 
internal energy of a given amount of ideal gas passing by any process 
whatever from temperature ¢, to tz. From the definition of specific 
heat at constant volume it follows that, when an ideal gas is heated 
from ¢, to tg at constant volume, the heat added is 


Qea = Wn(ta — te). 


Since no work is done during a constant volume process, the simple 
energy equation, Eq. (9b), becomes, for this case, 


Tg — Ie = Qea = wey(ta — te). 
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But, since Joule’s experiment shows that the internal energy of an ideal 
gas depends only upon its temperature, it follows that, when there is a 
change from ¢, to ta, the gain in internal energy must be we,(ta — tc), 
whatever the nature of the process; that is, for any two given states of an 
ideal gas, say 1 and 2 


Alyo = Ig — I, = we,(t2 — th), Polehe St loety 6 (43) 


regardless of how the gas passed from one state to the other. Note 
that the gain in the internal energy of the gas equals the heat added 
during a constant volume process only; for other processes the heat 
added is not all used to increase the internal energy. 

(c) The case in which c, is not constant, as with real gases, is dis- 
cussed later, in Sect. 73. 

70. The Relations between R, K,, K,, and y.—In making thermo- 
dynamic calculations for a given gas it is very convenient to have avail- 
able the established relations that exist between its specific heats, 
K, and K,, and its constant R. They may be found the applica- 
tion of the preceding principles, as follows: 

If heat be added to an ideal gas during any constant pressure process, 
such as ab, the volume must increase, and hence the work done by the 
gas must be, from Kq. (8), 


Wika PVs. > Va): 


But, from Eq. (36), Ps”) = wRT>, and PaVa = wRT., wherefore, 
since P, = P,, the work done is 


Wka = wR(T, — Ta) = wR(b& — ta), Gin ft-lb.). . . (@) 
The heat added will be, from Eq. (14), 
Qad = Wep(te — ta), (in B.t.u.) = wKp(é, — t,), (in ft-lb.) . () 
The gain in internal energy will be, from Eq. (43), 
Z» — I, = we,(te — ta), Gn B.t.u.) = wK,@ — t.), Gn ftlb.) . ©) 
The simple energy equation for this process is, from Eq. (9), 
Oona Dien) ie, a eee) 


The values of the several terms in Eq. (d) must of course be in the same 
units, so that either the work done must be expressed in B.t.u., or else 
the heat added and the change in internal energy must be expressed in 
foot-pounds. For the present purpose, the latter unit is more con- 
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venient. Substituting in Eq. (d) from the three preceding equations 
gives, 
wKy(te — ta) = wK,(ty — ta) + wR(ts — ta), 


and dividing through by the common factor w(t, — ta) leaves 


Se AS aes eo, uae) 
or, changing units, 
R 
C= % tag =a t+ AR. . See ck mice aoa) 
By definition, 
_&% _ K» 
eee. Ceo ae eae (46) 
From Eqs. (44) and (46) it follows that 
R 
ee cecal cee Nee ey ee 
R 
US Sag eee ap ee ee cule mon cosh 
or, changing units, 
R AR 
P= WGP) Ape ce 
ae eo aee = ¥ 


Ly 


'Y 714 Variable Specific Heats of Gases.—(a) For real gases, at the wide 

ae of temperatures involved in combustion and in a few other cases, 
the values of c, and c, are far from constant. Many experiments have 
shown that the specific heats are affected very little by high pressures, but 
materially by high temperatures. In many cases these experimental 
determinations are not entirely consistent with each other and it 
requires much study to decide which values should be used. A very 
careful investigation of this subject was conducted by Goodenough and 
Felbeck ® and their conclusions as to the most reliable equations to use 
for all gases may be expressed as follows: 


eisai GT re Poke SL) 
eile BEL C12 eee) a (52) 


4¥For short courses of instruction it may be desirable to omit the remainder of 
this chapter. 

5 See Bulletin No. 139 Engineering Experiment Station, Univ. of Illinois, 1924, 
on “An Investigation of the Maximum Temperatures and Pressures Attainable in 
the Combustion of Gaseous Fuels,’”’ by G. A. Goodenough and G. T. Felbeck, 
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In Table III the values of the constants, M’, M, B and C are given 
for a number of gases, and have been calculated for the pound as the unit 


of weight, instead of the mol, as given by these investigators in their 
Table 15. 


TABLE III 
INSTANTANEOUS Speciric Heats oF GAsES 
(In B.t.u. per pound per degree Fahrenheit) 

Cp=M'+BT+CT? 
C,=M +BT+CT? 


in which T=abs. temp. in deg. fahr., and the constants have the following values: 


Yor T =492 | For T=2000 
Gas M’ M B E! 
Cp Cy Cp Cy 
CO 0.2475/0.1765 0 4.28 (10) ~® |0.2485)0.1775|0.265 |0.194 
HH, 2.98 12.00: 13.31 G0)>4 0 3.140 |2.160 )3.64 |2.66 
N2 0.2475)0.1765 0 4,28 (10)~? |0.248510.1775|0.265 |0.194 
O, 0.216 |0.154 0 Bro LO) ee On2ialOelLoon OnZ3 tea ORLog 
Air 0.2389 |0.1705 0 4,138 (10)~910.240 |0.1715/0. 2555/0. 187 
CO2(T <2900) !0.1625}0.1175/8.86 (10)~*/—1.36 (10) —8 |0.2025/0.1575|0.285 |0.240 
CO2(7> 2900) |0.277 |0.232 |9.55 (10)~4 0 
C.H, 10.238 |0.161 |3.11 (10)~4 0 0.391 |0.314 |0.860 |0.783 
CH, 0..216 |0.092 |6.59 (10)~4 0 0.540 |0.416 |1.53 {1.41 
CH, 0.238 |0.167 |2.42 (10)~4 0 0.357 |0.286 |0.722 |0.651 


The values of M’, M, B and C for air are those calculated in Sect. 75 (f). For the 
other gases the values of these constants are based on the ones of Goodenough and 
Felbeck, as given on page 106, Bulletin No. 139, University of Illinois Experiment 
Station. 


(b) How the instantaneous values of ¢», c, and y, for certain of the 
gases vary with the temperature, is shown in Fig. 33. 

72. The Characteristic Equation of Real Gases.—Kven though the 
specific heats of real gases may change appreciably, the difference, 
(cp — G), remains a constant, and will equal (M’ — M), if the values of 
C and cp follow the laws given in Eqs. (51) and (52). Hence, since 
R = (cp — Gy) X 778, it remains fixed and has for the various gases the 
values that are given in Table II. Thus, the equation PV = wRT will 
hold for the ‘‘ permanent gases’’ to a very satisfactory degree of ac- 
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T in deg. fahr. abs. 
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 


The mean value of the specific heat between \/ . 
points such as @ and 0 is found by drawing 4.4 
OD, ale 


the line qa'b'so that area Y =areay 


Cy, and Cp for Air, CO,, CO, Nz, and Og 


; | | 
Y for| Air, CO, No. and O2—_| 2 


0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000. 
t in deg, fahr, 


Fig. 33.—Chart Showing how the Instantaneous Values of cp, cy and y for 
Certain Gases Vary with the Temperature. 


Cy and Cp for Hydrogen 


| | 1,25 


Y-fOF Co = “ 
Bie ee 1.15 


HEAT CONTENT OF GASES §3 


curacy even when using high pressures and temperatures, such as are 
found in internal combustion engines. Obviously, M’ = M + AR. 

73. Internal Energy of a Gas with c, Variable.—For gases in which 
¢ is a function of temperature Eq. (43) cannot be used for obtaining the 
internal energy. For such cases 


dl = we,dT, je Oe. Fee ae yea Ood) 
or 
T2 
ahye=he— thaw oid he momo 6 (536) 
Ty 
Or, Ah, 22> we, (Ts as fhe ois Sek Pom gems (53c) 


if the average specific heat ¢, for the range of temperature is known. 
From Eq. (51) and Table III the relation of c, to 7 may be found for 

the gases listed and the integral in Eq. (53d) can then be evaluated 

between any two values of temperature. Withc, = M+ BT + CT?, 


T2 
Al, 9 = vf (M + BT + OL \ar 
Tt 


1 


= wv] M(P: — 7) + S (Pe — T;*) + Crs = T)]. (53d) 


74. Heat Content of Gases.—(a) It is sometimes useful to find the 
value of the heat content of a gas in some given state, but usually the 
difference in the heat content between any two known states is desired. 
Let it be required to find H, — H., for w pounds of a gas: Then, since by 
definition, H,=1,+ AP.V.,. and H,=I,+AP.Va, it follows 


that 


H,— dH, I, —I,g + APiVi — APiVa 


l| 


I 


T» 
wf 601 + APL, — APB a, <2) (64) 
iy 


a 


whick becomes determinate as soon as the values of P,, Va, Po, Vo, and 


Cc, are known. 
(b) For an deal gas c, is constant; then for w lb. of such gas the 


difference in heat content is 
H, — AH. = we,(T, — Ts) + wAR(T> — Ta) 
= w(e, + AR)(Ts. —T,) 


=P es gieeee eee ee ees. (OUR) 
and for one pound 


hs = he 


I 


Gila il) Seen ees, .. 3 (550) 
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By substituting @, for c,, Eqs. (55a) and (55b) may also be used for real 
gases, if the average values of their specific heats are known for the 


temperature range involved. 
(c) Ifc = M+ BI + CT?, then 


H, — lEle => wf mcr a is) + ee can he) ais S(T Ty Te 
oh APiV, SS AP a ee teeta rh) 0 (56a) 


and, since AP;V, = wART, and AP.V. = wART, and M’ = M + AR, 
Eq. (56a) reduces to 


H, — H-= wo] MCT — 7) + (Ty? = T.7)-+ (T,? — r.8)|. (56b) 


75. Gas Mixtures.—(a) According to Dalton’s Law, when several 
gases, which have no chemical affinity, occupy a vessel in common, each 
constituent behaves as though the others were not present; hence the mix- 
ture exerts on the enclosing walls a pressure which is the sum of the pressures 
exerted by the constituents. The pressure which would exist if any one 
of the gases occupied the vessel alone is termed the partzal pressure for 
that gas; then, the total pressure exerted by the mixture is the sum of 
the partial pressures, each taken for the given temperature.® 

(b) If a mixture be composed of several gases weighing wi, we, 
w3 .. . Wn lb., respectively, then the weight of the mixture is w, = w1 
+ we+w3...+ wr, and, since the gases are intimately mixed 
together in the same vessel, it follows that Vn = Vi = V2 = V3 = 
... =Vn, and that T, = T1 = Tz = T3....=Tn. Assuming that 
each constituent obeys the characteristic law of ideal gases, then, accord- 
ing to Dalton’s law, 


wR, fhe 
Ve e 
and for the mixture, 


(wih; + woke... + Wrkkn)Tm  Z(WR)T, 


we2Re Dn 


ae 
aa 


1 C5 ie 
Py = Pz = bal te ; 


5 eave JPM 


Pa = lea : = ; 
Vn View omd sae 
This characteristic law of a mixture of ideal gases may be rewritten as 
follows: 
ape ceed 
in which F,, is the gas constant for the mixture. Obviously, 
Rie 2 CORE Se ee) 


§ Later it will be shown that Dalton’s law also applies to vapors, and to mixtures 
of gases and vapors. 
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(c) The specific heats of a mixture of a number of gases may be . 
calculated from the following equations: 


Roe (wicp, + weep, . . . + WpCpn) _ = (wep) (60a) 
Wn Wm 
_ Z(we,) 
Cum = Wm . (60b) 


(d) For a mixture of real gas with c, = M + BT + CT”, it is neces- 
sary to determine the value of the constants MW, B, and C for the com- 
bination. The value of M@ can be obtained in the following manner: 
If wm pounds of a mixture of gases is composed of constituents with re- 
spective weights wi, we, w3 ... and w, and with constants Mi, Me, 
Mz;...and M,, then wnM = (wM);i + (wM)2 + (wWM)3...+(wM)na 
= Y(wM). Hence, for the mixture 


a (61a) 
Similarly, 
age ey) (61b) 
Wm 
and 
>) 
Gas ey (61c) 
Wm 


(e) In illustrating the application of Eqs. (59) and (60), let the 
mixture be air, the composition of which by weight, when dry, is approx- 
imately as follows:’ Nitrogen (N), 75.5 per cent; Oxygen (O), 23.2 
per cent; and Argon (Ar) 1.3 per cent. 

Then, from Eq. (59), the value of R,, for aar is 


Peon 2 (wyRy + wokko + Wark a7) 
Np 


W air 


_ (0.755 X 55.3 + 0.232 x 48.4 + 0.013 X 39.6) _ 


1 53.3. 


Obtaining the values of c, and c, from Table II for the constituents 
of the mixture, then the specific heats of air at 32 deg. fahr. are found 
- from Eqs. (60a) and (600) to be as follows: 


(0.755 X0. 2485-++0. 232 X0.2175-+0.013 <0. 127) 
Cpair at 32° = i = 0.2395 


7 These data were calculated from the volume percentages given in the ‘‘Smith- 
sonian Physical Tables,’ published by the Smithsonian Institution, Washington, 
D. C. These tables also show that air contains 0.00065 per cent H» and 0.046 
per cent CO2, but these quantities have been omitted in the illustration as they are 
negligibly small. 
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(0.755 X0.1775+0. 2320. 1553+0.013 X0.076) 
* Cytr at 320 = 1 SS =(0 171. 


Hence 0. 2395 


Yam at320 = Hz = 1.402. 


(f) As a check on the foregoing values, the specific heats of air may 
be calculated from the general equations of Goodenough and Felbeck. 
From them the specific heats of air at any absolute temperature, in 
terms of the mol, are as follows: 


Ong = 6193 1/2710) 7 
Como = 4.945 + 1.2 (10)-7 72. 


Then, if air be considered to have a molecular weight of 29, the specific 
heats referred to the pound basis become as follows: 
603 «1.2 10)-"7F? 


Peng 7) were 


29 = 0.239 + 4.138 (10)-°T?, 


and 


4.945 , 1.2 (10)-"7? 
29 29 


Hence, for 7’ = 492, ¢ = 0.240, ¢ = 0.1715, and 7 = 1.400, which 
verify the results of the preceding computation. 

(g) The percentage by volume of each constituent in a mixture of 
gases is often found by analysis. Such a percentage means the relative 
volume that would be occupied by each constituent if it were at the given 
temperature and total pressure of the mixture. If the percentage by 
volume of each constituent be multiplied by its molecular weight the 
resulting product will represent the weight of that constituent relative 
to that of the total mixture, which is represented by the sum of these 
products. Therefore the percentage by weight of each constituent is 
found by dividing its relative weight by that of the mixture. 


Cy = 


= 0.1705 + 4.138 (10)-°T?. 
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CHAPTER VIII 
THERMODYNAMIC PROCESSES OF GASES 


76. Introductory.—In this chapter will be shown how the principles 
already established can be applied to gases which are undergoing the 
processes most commonly used in heat-power engineering. The quanti- 
ties most generally needed are the amount of heat transferred to or from 
a gas and the work done during the processes under consideration, but 
it is also frequently necessary to determine the changes of pressure. 
volume, temperature, internal energy, heat content and entropy that 
occur. In the study of each case both the pressure-volume and the tem- 
perature-entropy diagrams will be employed, since, by their aid the sub- 
ject can be very much clarified. Furthermore, until these two diagrams 
are well understood, it is difficult to obtain a proper knowledge of the 
cycles, which will be discussed later. 

77. The Constant Volume Process.—(a) If any working substance 
has its volume held constant while heat is added to, or abstracted from 
it, the resultant process is a constant volume one. It will be assumed 
that, as far as the working substance is concerned, the process is a rever- 
sible one, and that the whole mass of gas is, therefore, passing through a 
series of equilibrium states that may be represented graphically, if 
desired, on any diagram such as the PV or T¢. 

(b) For a gas that is undergoing a constant volume process, let the 
initial and final states be represented by a and 6 respectively, then, from 
the principles already developed, and using the notation given in Sect. 18. 
the following general relations may be written for w lb.: 


From Charles’ law, 
Py Ts 
P, = Te . . . . . . . . . . (62) 
From Eq. (8), since V is constant, the work done by the gas during 
the process is 
V 
Whar = f PV cad 0. sa Boa Week ake. atta ien, 4(83) 


a 


From Eq. (14), the heat transferred to the working substance is 
fh) 
Qu = f (Cdn nnenen &) os=", 5 (64) 


87 


88 THERMODYNAMIC PROCESSES OF GASES 


From the simple energy equation, Eq. (9a), the gain in internal 
energy is 
AU 
Al ap = (Os <= Wkab = On = wf dT. - ° . (65) 


a 


From its definition, the entropy increase is 


Dy ale 
Ata = f roel 8 


a 


(c) If the gas is one that has c, constant between the two tempera- 
tures JT, and T,, then 


Ale = OF = wey(Ts i Toy wets 5a) (67) 
and 


Afa= wes loge n Fe ae a ee A) 


By substituting @, for c,, Eq. (67) can be used when the specific heat is 
variable, provided its mean value for the temperature range is known. 
A similar substitution in Eq. (68) involves only a slight error. 

Note that if 7; is less than 7., the gain of entropy becomes negative, 
which is consistent, as the entropy of a substance is always decreased if 
heat is abstracted from it during any reversible process, and vice versa. 


‘. 


a h---------- oo 


m n 
Fie. 34. ite, Sth, 
The Constant Volume Process. 


(d) The pressure-volume and temperature-entropy diagrams for 
the process ab are given in Figs. 34 and 35, respectively. The former 
merely shows how the pressure varies while the volume remains con- 
stant. In the latter, Ada is represented by the distance mn. Also 

b 
Qu» is shown by the area abmn, since dQ = Td¢ or Qua, = i Td, the 


a 
integral being the area under ab. 
If the final temperature had been greater than the initial one, the 
corresponding state would be shown by some point such as b’, with 
Aga,’ = distance nk and Qa,’ = area ab/kn. 
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(e)' If ¢ = M+ BT +CT?, Alw and Qw are obtained from Eq. 
(53d); and from Eq. (66), 
CT? 
2 


aT To 
AG, = w) (M+ BI + CT). = ofa logs 2 Br » + (66) 
7 Ta 


in which M, B, and C have the values given in Table III. 


(f) For an example involving variable specific heats, suppose that 3 pounds of 
oxygen are heated at constant volume from t; = 100° to ¢: = 2000° F., and with 


cy = 0.154 + 3.75(10) °T2, 
as given in Table III. 
Let it be desired to find Agi, 2 and AJ, 2, and to show the area representing Q1,2 
on the Té-diagram. Then, from Eq. (66), or from Eq. (66a), 


a rat 
A®, 2 = Wer = the distance om, to scale, in Fig. 36. . . . . (a) 
Ti 


2460 dT 
= SH OGG. Se Seto) 2 on 5 eg ce oo Oo 6) 
560 i 
2460 [0.154 
= 3° + 9.75 10)—7 [ary bey Soe ee REN) 
560 
[2 2460 
~ 3[0.154 og. 7 + 8.75 10)—*F Pe LACEY tes) Pee nee 
2 |560 


2460 
= 3]0.154 log. 560 + 1.875(0.00605 — 0.000314) | = 0.7164 . (e) 


Temperature in Deg. Fahr, Abs. 


0 0.20 0.40 0.60 0,80 
Entropy 


Fig. 36. 


For any point a on the curve J 2 in Fig. 36, 
We, ee b) 
AP, g = 3{ 0.154 log 0 + 1.875 (10)~*(7.? — s0))|, a owes ee, Ct) 


1In briefer courses the remainder of this section may be omitted. 
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Iq. (f) is obviously the equation for the curve. Substituting in it different tempera- 
tures T'z, the corresponding values of Ad), q can be computed. Then, with the data 
thus obtained, and using the same scales that were adopted for the temperatures 
and for om, points can be plotted to determine the curve / 2. Thus, taking Tq as 
1500, Ady, g is found to be 0.4663, the corresponding point being a in the figure. 

For the gain in internal energy Eq. (53d) may be used, or 


T2 2460 
shan { veut { Srl sAc eto (10) ear. fe ag) 
ey 560 


73 | 2460 
= 3[0.1547 + 3.75 (10) ZB e se ql, 5 5. UO) 
560 


Since, for this process, AJ; 2 = Qi, 2 and as Qj, 2 “jf Td, the area 1 2mo in Fig. 
1 


36 represents to scale both AJ; 2 and Q) 2. 

(gz) Now suppose that c, is considered to remain constant, at the initial value it 
had before, while the gas is heated to a final state 3, such that ts; = 2000, as in the pre- 
vious case, and let it be desired to find Ag; 3, AJ;,3 and Q),3: For t; = 100, 


cy = 0.154 + 3.75 (10)~9(560)? = 0.1552. . . . ~~... . (A) 
Then, 
T: 2460 
A®, 3 = wey LOB. a =3 X 0.1552 log. = Shy ph et Pes ae Sela ae CED) 
= 0.690 = distance o n, to scale, in Fig. 36; 
and 


Qi, Cy ee AT ke Wly (ts = ti) = 3 X 0.1552 (2000 = 100) 8D oe (G) 
= 885 B.t.u. = area 1 3 n 0, to scale, in Fig. 36. 


To determine any intermediate point b, substitution can be made in the equation 
of the curve. This equation is 


AS) p = 3 <0. 1652 low, CP SHO) pe oe. we tl ye ee) 


Thus, for T = 1500, the same temperature that was used for point a, 4¢,, » is found 
to be 0.459, and b in Fig. 36 is the corresponding point. 

(h) From the above illustration it appears that if c, is assumed constant, when 
heating this particular gas at constant volume from a temperature of 100 to a final 
temperature of only 2000° F., the calculated amount of heat required will be 5.1 per 
cent too small, and, similarly, the change in entropy obtained is 3.7 per cent less than 
it should be. If the final temperature had been 3000°, the errors would have been 
9.4 per cent and 6.4 per cent respectively. 


78. The Constant Pressure Process.—(a) Whenever a working 
substance is allowed to expand, or is compressed, under such conditions 
that its pressure does not change, it is said to be undergoing a constant 
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pressure, tsobaric, or isopiestic process. Clearly, on the PV-diagram, © 
such a process must be a horizontal line, such as ab in Fig. 37. 


a b 
i} 


{ 
\ 
| 
! 
! 
1 
| 
ev 


Fig. 37.—Constant Pressure Process. 


(b) Consider w pounds of the gas heated at constant pressure, 
from JT, to T;. Then: 
From Charles’ law, 


comet Ge 
Ve a, ee) 
From Eq. (8), since P is constant, 
V 
Whap ={ "PAV = PV Ve = 1. ee) 
or, since PV = wRT, : 
Wipe Te (Pipe hg) bes. “s-. Pes) eepelcs oa cou Gomme) 


area abef, to scale, in Fig. 37, 


this work being in foot-pounds, since P is in pounds per square foot, 
and V is in cubic feet. 
From the definition of cp, 


T 
ar = wf OAM aa eI ec So Arey (ek) 
Ta 
From Eq. (530), 
pu 
Alay = w | "oe dT. eR Res. i 8 es oer yd 
From Eq. (25), r Palen 
S: odQ _ B Cp 
Atom ff nef ie eae (74) 
(c) If cp and &% are consiant, the last three equations then become, 
Cee pe lig — lah een deee <<, w CCD) 
and 
Al ap = we,(Ts ao Lay ° ° ° e . . (76) 
and 


AF. = WCy log, a . ° ° ° ° ° ° i) 


+~@ 
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(d) From the comparison of Eqs. (68) and (77) it is apparent that 
the change in entropy of a given weight of gas, when heated between the 
same temperature limits, will always be greater 
for the constant pressure process than for the 
constant volume one, because Cp is always larger 
than c,. Thus nm is greater than nk in Fig. 38, 
in which ab represents the constant pressure 
addition of heat and ab’ is the corresponding 
constant volume process, 7';’ being chosen equal 
to T;. In this figure, Q,» is shown by the area 
abmn, and Q,»’ by the smaller area ab’kn. The 
circumscribed symbols indicate that the corresponding characteristics 
are constant ones. 


(e) If c, and ec, vary as in Eqs. (51) and (52), AZ;,2 can be obtained from Eq. 
(53d); and from Eqs. (72) and (74), 


B C Te 
(Oi oy PO OS Se Se es ce 6 RH) 
2, 3 71 
and % 
ae C T2 
A®; 2 = W [ae loge 2) -— Bie an ie eA Si dot ou Reape Cl) 
T) 


Values of M’, B, and C are given in Table III. 


(f)? As in the previous example, consider the 3 lb. of oxygen heated from a 
temperature of 100° to a final temperature of 2000° F., but now let the pressure, 
instead of the volume, be held constant. Although the gas is assumed to be in the 
same initial state as before, the final state will be different; and, since it will be 
desirable to represent both processes on the same PV- and 7'¢-diagrams, let the 
constant pressure process be designated as 1 4. For this gas it is known, from 
Table III, that cp = 0.216 + 3.75 (10) °T”. 

Then, with variable specific heat, from Eqs. (72a) and (74a), 


3] 2460 
Q4= sfo.2107 Soe 7h ao" | = 1286.8B.tu, . . (a) 
560 
and 
2460 
Ai, 4 = 3{ 0.210 og T + 1.875 co)" | = 0.9924. . . (b) 
560 
(g) As a check, Q;, 4 may also be computed by the simple energy equation, 
T4 
Qi, 7 Al, at Wky, 4) in which Aly, 4 =j) we, dT. 
T 
But, since 
T,= Ts, Aly 4 = Aly, 2 = 932.8 B.tu,, ee hes) 


*In short courses the remainder of this section may be omitted. 
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as before; and obtaining the value of R for this gas from Table II, 


Wk,,4 = WR(ts — ti) = 3 X 48.4(2000 — 100) 


270,500 ft-lb, or 354 Bitu. . 2.9.) . 6 ss 3 Cd) 
Hence, 


GivieatOoe Seah te Sk Os cum RL eet ra oe ee oe S(6) 


1286.8 B.t.u. thus checking Eq. (a). 


(h) Now, while the gas is heated at constant pressure from 1 to 5, with T; = 74, 
let it be assumed that the specific heat is constant at the initial value it had in (e) 
of this section. Then, for 7, = 560, 


ep 216-3175 (10) 1" S73. WS ee A) 
Hence 
Q1,5 = Wy (ts —a ty). (OMG toe Ye eh D.C A, «De (B) 
= 3 X 0.2172 (2000 — 100) = 1238 B.t.u. 
and 


Ey 
A®,, 5 = UWCp ioe.(7"). fen lS Ceti KP co he ot i) BOG (C) 
di 
=3 X 0.2172 X 1.48 = 0.9650. 


Thus, if cp is assumed constant, the calculated values of the heat added, and the 
change in entropy, are respectively 3.8 per cent and 2.76 per cent too small, for the 
conditions given in this case. 

(i) For any point c on the curve 1/ 4, 

Te 


20,¢ = 3]0.216 lg, 7 + 1.875 (10)-*7"] aa) 
1 


2500 T=2460 


g 


Temperature in Deg. Fahr. Abs. 


1 For 188, ¢» =0,1552 
102, Cu= 0.164 + 3.75 (0) °T? 
1d5, ep =0,2172 
led, cp —=0.216 + 3.75 (10) °T? 


0 0.20 0.40 0.60 0,80 1,00 
Entropy 


Fig. 39. 
Hence, taking the intermediate temperature 7, = 1500, it is found that 
A®,,- = 0.6487. 


The corresponding point is shown in Fig. 39. 
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Similarly, for the point d on the curve 1 4, 


4h 
Ad:, 4 = wep loge 7 ee Se ee 2) 
1 


and, for 7g = 1500, Ad, a = 0.641. 


(j) Figure 39 shows on the 7'¢-diagram the results of the illustrative computa- 
tions for the constant volume and constant pressure processes, with specific heats 
both variable and constant. The areas under the respective curves show quanti- 
tatively the relative values of the amount of heat added during the corresponding 
processes. 


79. Isothermal Processes.—(a) Isothermal processes are those dur- 
ing which the temperature of the working substance remains constant. 
Such a process is shown in Figs. 40 and 41. 


Fig. 40. Fig. 41. 
Isothermal Process. 


(b) It has been stated in Chapter VII that Boyle’s law holds very 
closely for most of the “‘ permanent” gases that are not cooled to very low 
temperatures. Hence, for such gases the isothermal process may be 
expressed by the equation, PV = a constant, which, on the P V-diagram, 
is represented by a rectangular hyperbola such as ab of Fig. 40. 


Since 
PV = P.V. = P.V»s = a const., 
then 
Ba oVeas 
(ER => Ve =7T. . ; : 3 : = * ° ° (78) 
from Kq. (8), 


V, V 
Whe ui tga if Cay. 
Va Va 


Or. since PV = P,Vq = const., and assuming P, and V, known, 


Vo dV ee: 
Win = Bae i T= PVelieye 6. 2. C8) 


= P.Va. log. 5 = P.V, log. r, ft-lb.). . . . (80) 
6 


a 
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= wRT log. 5, (ft-lb... . . Seen ee eo OL) 


= wRT log. =k log. (itlby). os eet (82) 


= area abef, to scale, in Fig. 40. 


From Eq. (530), since the temperature is constant, 


ff; 
Muy = w f ed DO. aa a8 eo Bee 
From the simple energy equation, Eq. (9a), and from Eq. (82), 
7 “* wRT log. /V» 
Qas = Alan + Whos = 0+ (7), B.t.u. 
AR log et bla. 0G h op tot ee OL) 


(c) The last equation shows that during the isothermal expansion 
of any working substance whose internal energy depends upon its 
temperature, the heat supplied to the fluid must be exactly balanced 
by the work done by it during such an expansion. Or, if the gas is 
compressed isothermally, then heat must be abstracted from it at exactly 
the same rate as work is done upon it during such a compression. 

(d) Note that Eq. (84) will always properly take care of the alge- 
braic sign if a@ represents the initial state and b the final one for the 
particular ‘‘isotherm’’ under consideration. In this connection it 

Ville ys lo Vo 
Vi ee: 
(e) From Eq. (25), and knowing that 7 is constant, it follows 


that 
nt "aQ _ Qa _ wART log, (Vs/ Va) 
Toy e/a i) 4 
SAI NOt) a ke es cet ee OE es © OD) 


= the distance ab, to scale, in Fig. 41. 


should be remembered that log, 


AP, 


Il 


(f)? For the entropy calculations of the previous problem, Sect. 78 (f), 
it is easy to obtain an additional check,—a procedure which is always 
desirable in any kind of engineering work. Since entropy depends only 
on the state of the substance, and not on paths, the gain in entropy 
between any two states may be computed by performing the integra- 


3 This paragraph may be omitted in brief courses, 
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tion if along different paths. Thus, in this case, referring back to 


Fig. 39 it is obvious that A¢gi,4 = A¢i,2 + A¢eo,4. But from Sect. 77 (f) 
A®, » = 0.7164; and from Eq. (85), for an isothermal, 


A®o, 4=> wAR log.( 74). 
Vo 
Then, since Ve = Vi and P; = P4, it follows that V4/V2 = T4/T1. 
Hence, 


ene AP log 7 Eas ae (2460/560) _ 9 9760, 


Therefore, Abi, 4 = 0.7164 + 0.2760 = 0.9924, as before. 


80. Polytropic Processes.‘—(a) Polytropic processes for any sub- 
stance are defined as those which follow the equation 


PV" 2218. Constant. come. oe cerca eo 


in which n is a constant. This is a very important equation to study, 
as the actual curves obtained from air compressors and internal com- 
bustion engines are of this type. 

(b) The particular value that is given to the exponent n determines 
the nature of the expansion. Thus, if » = 1, the process becomes a 
rectangular hyperbola on the PV diagram, and this is also an isotherm 
for an ideal gas. For any substance, if n = 0, then PV’ = a constant, 


or an isopiestic process results; also if n = «, then Pey =a consi., or 
the volume remains constant. 

(c) In addition to Eq. (86), a gas is assumed to follow the charac- 
teristic equation of gases, viz., PV=wRT. Then, for any polytropic 
process, involving w pounds of gas, expanding or being compressed, 
from an initial state 1 to a final state 2, it follows from Eq. (86) that 
PiVi" = P2V2". 


Hence 
Py [Vo\" 
en) 
or 
] 
Vo _ Py 
v-(s).. oe bn ee 


+ For methods of solving exponential equations see Sect. 89. 
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But, since Py = wRT1/Vi and Pz = wRT2/V2, it follows that 


neg Gil ie) 
Pee fo Vr 
or that 
r) BAYS 
Vien foe Ve 
Therefore 
Ts a Ve n-1 
(BEES RS OF cae 
or 


1 


Vo (T\=3 
v-( (pf). - Pete lpia 1) 


Then, combining Eqs. (88) and (90), there results 


n-1 
T P\\ * 
Tet eel gee: 3 cakane oReD 
or 
n—1 
dC) 7) 


(d) The work done by any kind of working substance expanding 
from 1 to 2 according to the law PV” = K, must be 


Ve V2 
(Tare Ice =a seagate a 
V1 


V1 
z Slt reer | sat Lap RE) 
Ss a el 
= Se 
I ay 


(e) Now, if the working substance is w lb. of a gas that obeys the law 


PV = wRT, then 
wR 


n—1 


Wk, 2 — (Ge = T2), (ft-lb.). 5 toe O° 6 (94) 

(f) Eqs. (93) and (94) give the work done by the gas during the 
polytropic expansion. If the gas is compressed, the work will be nega- 
tive, and the above equations will yield a negative result. 
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{f a value of n is assigned, Eqs. (86), (87) and (88) can be used for 
drawing the PV-curve representing the process / 2; then, the area un- 
der this curve will represent this work. 

(g) It is now desired to find the amount of heat that must be added 
to the gas in order that it may be made to follow the law P1V," = P2V2". 

From Eqs. (9a), (53b) and (94) it follows that, for gases in general, 


Tr: A oa 
Op, =a (irae a Ps) Gn Ro So) 
7 (n — 1) 
1 
If it can be assumed that c, 7s constant, or if its average value is known 
between 7; and J», this equation becomes 
wAR(T, — Po) Pia 
fol 


But, from Eq. (49), AR = (y — 1); hence, 


Qi, 2 = we(Ts — T1) + 


Qi, 2 = we,(T'2 = Ty) ae (X=) meats a T2) 


= w(2 =) e(Te = 04) BAe? Ges Se ee eon 
or 


I 


w(t F) alts — Ts), BA. 4 (fe ae Som 


(h) The gain in entropy of the gas, between the states 1 and 2, 
may be found from Eqs. (25) and (95). 
Thus, for gases in general, 


T2 dt 2 2 
poe if = w ("ed cdT = (BAR) (mat dT 
T; ie = i 


Di ee ee 
Deen Re st 


1 


If c, 1s constant, for the temperature range involved, then from 
n 


Eq. (96), dQ = eS - r)e dT. Hence, for this case, 


Tod = 
aman [= [hu(tcapee 


n— ¥ ee) 
Eee Set Ge a LO 


(i)? Lf the specific heat of the gas varies according to Eq. (51), in which 


5 This paragraph may be omitted in short courses. 


ADIABATIC PROCESSES IN GENERAL 99 
¢ = M+ BT + CT?, then Eq. (95), for the heat added during the 


process, becomes, 


T2 
Q2=wt (M+ BT 4+ CT?)dT + 


T 


Ps wv MCPs =e ye S(T: otal hike ote S(r08 = r)| 


wAR(T, — T2) 
n— 1 ; 


wAR(T, — To) 


bee h 


a (100) 


Similarly, Eq. (98), fo: the gain in entropy during the process, becomes 


T2/M + BT + ==) wAR T2 
AG,» = oe 
ie wf ( 7 reales | og. T; 


= w| a log. 7 + B(T2 — 71) + Cre? — m)| 


_ wAR log.(T2/T;) 


ee (101) 


81. Adiabatic Processes in General.—(a) The word adiabatic 
means no transfer of heat, hence any process in which there is no heat 
transferred to or from the working substance is very properly called an 
adiabatic process, or more briefly, an adiabatic. Many authors, espe- 
cially in England, prefer to limit the application of the term to those 
cases in which the processes are reversible ones,—i.e., to those without 
fluid friction or turbulence,—which also conform to the basic condition 
already mentioned. Many others, including the authors of this text, 
believe that the most satisfactory definition of the term is as follows: 
An adiabatic is any process in which no heat 1s transferred to or from the 
working substance from any outside source. From this definition it follows 
that there are both reversible and zrreversible adiabatics. 

(b) A reversible adiabatic is a constant entropy process, or, more 
briefly, an ‘‘ zsentropic.”’® This follows from the definition of entropy 
combined with the definition of adiabatic. rom the former, Sect. 58, 


b 
Adu = f dQ/T, with dQ taken along any reversible path connecting a 


and b. If it is now stipulated that the process ab is to be a reversible 
adiabatic, it follows that dQ = 0 and hence that this integral becomes 
zero; thus the entropy does not change during the process. 


6 There might be imagined an irreversible process in which the turbulence is just 
sufficient to keep the entropy constant although there is a small transfer of heat from 
the fluid. Such a process is extremely improbable, and in this text the term 
isentropic will have the usual meaning, i.e. a reversible adiabatic. 
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As will be seen later, of all the processes, the reversible adiabatics 
are the ones during which the greatest amount of internal energy is 
made available for doing useful external work. Note that the term 
‘Csentropic”’ is a general one for a reversible adiabatic, and, therefore, 
may be applied equally well with liquids, vapors and gases. Its chief 
advantage is that there can be no confusion as to its meaning, which 
may not always be the case when the term adiabatic is encountered. 

(c) During an zrreversible adiabatic, as its name implies, there is no 
transfer of heat from an outside source to toe working substance, or 
vice versa, but the process is one which proceeds with turbulence, or 
fluid friction, in consequence of which there is heat developed within 
the working substance from the mechanical action of the fluid itself, and 
hence the process is irreversible. From the law of the conservation of 
energy, it must follow that with such an irreversible adiabatic the fluid 
must contain within it a greater amount of energy at the end of the 
process than it would have had with a reversible adiabatic for the same 
pressure range, and consequently less energy must have been made 
available for doing external work. As a result of the increased internal 
energy of the fluid, its specific volume, and entropy are greater than they 
would have been if the process had been isentropic between the same 
pressure limits. Also the terminal temperature for the irreversible 
adiabatic will be higher than it would be for the corresponding rever- 
sible one, provided the substance is a gas.’ Since both the internal 
energy and the specific volume are larger, it must follow, from the 
definition, that the heat content is also greater at the end of an irreversible 
adiabatic than for the corresponding isentropic. 

82. Isentropic Processes of Ideal Gases.—(a) Consider w pounds of 
an ideal gas expanding, or being compressed, isentropically from an 
initial state / toa final state 2. It is desired to find the relation existing 
between P, V and T and also the amount of work done during such an 
expansion or compression. Assuming that an isentropic process of an 
ideal gas must be one form of the polytropic, whose equation is PV” 
=a constant, it only remains to find the value of n that will cause 
Q;,2 to be zero. Since neither w, y, c nor AT;,. can be zero, from 
Eq. (97) it follows that n must equal yin order to have this equation 
giveQ,.= 0. Hence, y must be the value of the exponent for the 
isentropic process. Using this exponent, the relation between the pres- 
sure and the volume for a reversible adiabatic expansion, or compression, 
of an ideal gas is given by the equation, 


Pi Vi"= P2Vo",~0r PV = a constant. “a = 02) 


7 For vapors this statement requires certain modifications as will be seen later. 
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Pi Va" 
ay, A Pak Pete a) 


1 
V2 PANY 
Pie) ; (OSE ety Gee (LOS) 


Since the gas must also conform to the characteristic equation, PV = 
wRT, it follows that 


From this 


and 


ie eats 
Tz P2Ve 
Substituting from Eq. (103) gives 
Ti Se Vo Toe 
n- (PF) Cae velar eraly | 


from which 
1 
BY Tres 
e-(F) hep ie t aug, 
Combining Eqs. (104) and (106) gives 


n= (Rye Riis ern Baler gato) 


T2 Po, 
or 
12 T's ay 
2 = 
n= (F) out. tae, ROR 


It will be observed that Eqs. (102) to (108) are the same as Eqs. (86) 
to (92), except for the substitution of y for n. 

(b) A second method of deriving Eq. (102) is as follows: The simple 
energy equation, Eq. (9a), may be rewritten 


dQ = dI + APdv. (a) 


But dl =wedT; AP =wy —1)o7T/V, since P=wRT/V and 
R=(y—ec/A; and, for an adiabatic, dQ = 0. Hence Eq. (a) 
becomes 0 = we,dT + w(y — 1)c,T dV/V, or 


wil dV 
aoe SO DG . . . e ° . (b) 
Then re “ oF 
T2 2 
- a Vil) ee Pares: ( Aek LE 
i tae cee , 


T. V 
—lgge=@-Vlep, .-... @ 
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and : 
loge 7, = (y — 1) log. Vi cee (e) 
Thus, as in Eq. (105), 
Ly Ve 
n= (7) Os a) hea. San 
Substituting this in 71/T2 = (P1Vi)/(P2V2) and reducing gives 
PiVi" = P2V2", or PV” = constant, as in Kq:e(102)... 2 3g) 


(c) The work done by any working substance during an isentropic 
expansion is equal to the loss of internal energy of this substance. This 
statement must be true for the following reasons: The simple energy 
equation, dQ = dl + APdV, holds for any working substance, and, 
since dQ = 0 for any isentropic, hence 


Wha, » = { “apav = — fa og ans Pee 21), 
V1 qi 
Note that the result will be in the same units as those in which J; and [2 
are expressed, and that if the process is a compression, I2 will be greater 
than Jy, thus giving a negative value of the work done by the fluid. 
Particular attention is called to the fact that Eq. (109) holds for any 
vapor as well as for any gas. However, the method of obtaining J; 
and [2 for vapors will not be the same as for gases, as will be seen later. 
(d) For an ideal gas expanding isentropically, the work done be- 
comes, from Eqs. (109) and (48), 


Wky.2 = wo(T1 — To), Btu. 7... — (ie) 


This same equation might have been obtained from Eq. (94) by sub- 
stituting y for n and reducing the result to B.t.u. For the case of gases 
with variable specific heats see Sect. 83. 

(e) The PV- and 7#-diagrams representing the isentropic and 
isothermal expansions of an ideal gas are shown in Fig. 42. The curve 
1 2 represents the isentropic and {/ 3 is the isothermal, drawn for the 
same ratio of expansion, or in other words, so that Vo/V1 = V3/V1. 
The curves / 2’ and 18’ represent the corresponding compression 
processes starting at the same initial state 1, and with Vo’ = V3’. 
Note that the temperature falls during the constant entropy expansion 
and rises during the compression. Also observe that, on the T'¢- 
diagram, the constant volume lines 2 3 and 2’3’ are not parallel curves, 
because the temperatures involved are different. If the constant 
volume curve 2 3 should be extended until a state 4 is reached such that 
T4 = Te’, then the constant volume curve 3 4 would be parallel with 
the curve 3’2’.. The isothermal 2’4 is also shown on both diagrams. 
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83.8 Isentropic Processes of Gases with Variable Specific Heats.— 
(a) The previous section shows that, for ideal gases, the reversible adia- 
batic involves only rather simple exponential equations. These equa- 
tions may also be used for real gases if the specific heats are nearly 
constant over the range of temperature encountered, such as occurs 
with air in the usual compressed air problem, or if the mean values of 
the specific heats can be determined for the temperature range involved. 

(b) With internal combustion motors, and in many other cases, 
the temperatures are high and the fluid is a complex gas mixture. 
Both of these factors cause the specific heats to be very much larger 


(0) 


Fig. 42. 


at the high temperatures than at the relatively low ones. To make 
accurate calculations of the isentropic process for such cases involves 
somewhat complex relations between P, V and T’, since the value of the 
exponent y is not constant unless cp and c, do not change. However, 
although c, and ¢ are variable, their difference, AR, is constant, as was 
shown in Sect. 72; hence the equation PV = wRT is still true. Also 
the equations dQ = dI + APdV, and dQ = 0 for adiabatic, and dJ = 
wedT hold. Let c¢ be represented by the general type of equation, 
¢ = M+ BT+CT?; then, for the isentropic, since P = wRT/V, 


wARTdV 
ae 

8 In brief courses Sects. 83 to 88, inclusive, may be omitted, with the possible 
exception of Sects. 84, 85 and 87. 


— we,dT = APdV = 
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edT _  ARdV 
or [oe ee a 
Consequently, with c, as given, 
(M+ BT + cry a = - aR 


Now if / represents the initial state of the gas, then for ary secondary 
state during an isentropic expansion, or compression, it follows, by inte- 
gration, that 


M loge 5 eT = Ties Cr? Sp) AR oe ae 


Va 
Dividing each term of this equation by M, and by 2.3026 to reduce to 
the common base of logarithms, there results 


dh BT = Ti Cee S77) 2 HAR V 


Sami 4.60 = eye 


These equations between temperature and volume, being transcen- 
dental, cannot be solved directly if one of the temperatures is unknown, 
as is usually the case. Assuming 7; to be given, one convenient 
method of solution is to choose different values of 7’ and thus determine 
the corresponding ratios V/Vi. Then draw a curve between tempera- 
ture and volume, or the volume ratio. This curve may then be read 
to find the final temperature corresponding to the final volume. This 
may be called the ‘‘ Curve Plotting Method.” 

An alternative method is as follows: With 7; known, and terminal 
ratio V2/Vi given, one can take a trial temperature T'2, substitute it 
in the equation and determine whether the resulting value of V2/V1 
equals the given one. If there is a discrepancy, another temperature 
can be tried, and this procedure can be continued until as close an 
agreement as desired is obtained. This is the ‘‘ Cut and Try Method,” 

r “ Trial and Error Method.” 

(c) To find the relation between temperature and pressure, it is now 
only necessary to substitute for Vi/V, in Eq. (111), its equivalent 
oe and there results another transcendental equation, 

M logs a Se Gn Fe) ae Sr = 72) =e oe s eA Ree, = 
or 

Dp Cc 5 P. 
(M + AR) log. Ty + BT — T1) + 3T” — T;") = AR log, Pi: (113) 


* With CO, in the gas the values of M, B and C change at T = 2900. 
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Reducing Eq. (113) to the form involving only the common base of 
logarithms, and dividing through by (M + AR), there results 


de BT = Ty) C(T? — T;?) AR 


i Ne P 
log fey + 3 3026(ML + AR) . 4.6052(M + AR) Wenn e Py (114) 


This equation can be solved in the same manner as outlined in the 
previous page. It may be convenient to observe that the constant M’ 
that occurs in Eq. (52) may be substituted for M+ AR. 

It is worth noting that, if B and C are each equal to zero, then 


AR AR 
M =c, = aconstant; hence ae becomes equal to y — 1, and M+AR 
equals se Consequently, for c, = a const., Eq. (112) reduces to 
tT {Vv in RN 
ee att coats BOONE CCLON GS, F 
T= (7) , and Hq. (114) becomes Ty (=) , which check 


the ideal gas equations, Eqs. (105) and (107). 

(d) Since both of the specific heats are functions of temperature, 
the isentropic process for gases with variable specific heats cannot be 
expressed in terms of pressure and volume alone. However, by using the 
basic relation, PV = wRT, combined with the results of Eqs. (112) or 
(114), plotted in the form of a curve, the pressure and volume relation- 
ship may be found as needed for any particular case. 

(e) The work done during an isentropic expansion, by a gas with 
variable specific heat, may be found from the facts that Wk,,. = I1 —I2 


ey 


as in Eq. (109), and that Iz — I, = of “od T, in which, co = M + 
T} 
BT +CT?. Thus considering / to be the initial state and 2 the final 


one, 
Io T2 T 
eal a= — weal = —w f (M+ BT + CT?)dT 
I Ty Ty 


= — wv] MMe — 1) + 41? — Ty?) + G(T — 7) |.(115) 


Whi. 2 


Or, if the average value of c, or of the variable exponent, , can be de- 
termined, then the work done by the gas may also be obtained by 
using either of the following equations, corresponding to Eqs. (93) and 


(94). 
V ca fs = 
Whi = [ "pay = Laat wi — Pe, tb, . (1162) 
V1 
iG leo esc ee. tee fee. « .. » (1166) 


* See footnote on preceding page. 
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(f) As an illustration of the use of preceding equations, consider their applica- 
tion to the products of combustion in an internal combustion motor in which there 
is an absolute temperature of 4500° F. at the beginning of expansion. Suppose it 
is known that R = 54.0 for the mixture of gases in the cylinder, and that 
ct = M+ BT + CT, with M = 0.2021, B = 5.64 (10)~7, and C = 5.065 (10) ™. 
Let it be desired to find the work done per pound of gas during an isentropic expan- 


r 


V : ; 
sion in which the ratio of expansion, (Z), is 5, and also to determine the tempera- 
1 


ture curve throughout the expansion. 

The temperatures, 7’, corresponding to different volume ratios (_V/V1), must be 
obtained first, and for that purpose it is convenient to use Eq. (112) rewritten as 
follows: 


. va ad 
log Tt TG CL) et Clea? ea OS, Vv ec. aa EEE 
1 1 
eee B C Oa: 
in BIN Ge oragonl ote ROUSE ae ae 


Then, for this particular case, 


5.64 (10)~7 
K, = 1.211 (10)-8 
* (2,3026 X 0.2021) CU 
5.065(10)—2 
K, = i = 5.45 (10)—?, 


~ (4.6052 X 0.2021) 


a 54 
‘(778 <0, 2021) 


Ks = 0.3435. 


Hence the set of values as given in Table IV are obtained. 

From these results, the curve shown in Fig. 43 is readily plotted between the 
coordinates of absolute temperature and the ratio of expansion, and from this curve 
the temperature is found to be 2992° F., abs. for a ratio of expansion of 5. 

(g) Had it been desired to find only this one temperature, the entire curve would 
not necessarily have been drawn, or the extra calculations made. Instead, the 
average value of y might have been estimated for the given ratio of expansion, and 
the corresponding value of 7’. guessed at or calculated by the relation 


Then, by taking two temperatures, one above and the other below this value of 72, 
and substituting in Eq. (117), the values of the corresponding ratios of volumes can 
be determined. A straight line joining these two points will cross the ordinate for 
volume ratio equal to 5 at a point which will give a close approximation to the true 
value of 7. 

(h) In order to assist in making estimates of y for such cases, and also to show 
how it varies during the expansion period, its average value was calculated and is 
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given in column 11 of the Table, and the corresponding curve is shown in Fig. 43. 
These average values of y are seen to increase rapidly at the high temperatures, but 
for expansion ratios near 5 its value is usually not far from 1.25 for the products of 
combustion in high speed internal combustion motors. 


Temperature in Deg. Fahr. Abs. 


Isentropic Pxpansion 
| of a Gas with | 


Avg. Value of “’Y’’ During Expansion from T;=4500° 


2 3 4 
Ratio of Expansion (V/V1) 


Fig. 43.—Variation of 7 and y with (V/V). 


(i) Knowing that 7 = 4500 and 7, = 2992, it only remains to compute the 
work done per pound of working substance during this expansion. From Eq. (115) 


B Cc 
Wki,2 = -v[ mcr. ma T1) aE ibe os T;?) + aoe = no], in B.t.u. 


5.64(10)~"[(2992)? — (4500)?] 


9 


a 


li 


= 1 [o.2021 ao — 4500) 4 


5.065 . 
ae a NCR = 5003} = 415.4 B.t.u. 


As a check on this value, Eq. (116a) may next be used, with the average value of 
y = 1.253, for a ratio of expansion of 5; thus 


wk(T, — Tz) 1 X 54(4500 — 2992) 


Wk = 
ie epee 0.253 


= 322,000 ft-lb., 


which is equal to 415 B.t.u., which checks the result obtained by the other method. 
(j) Next, suppose it is desired to plot the presswre-volume curve representing the 
sentropic expansion of the preceding problem. Instead of assigning any numerical 
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value for the initial pressure and volume, it will serve a more useful purpose to 
determine the curve in terms of p; and the expansion ratio. For any point on this 
curve, for which the expansion ratio is known, the pressure may be determined from 


Thus, using the simultaneous values of Vi:/V and 7/7; from Table IV, the value of 
p in terms of p; can be found for this equation for these expansion ratios. The 
results are plotted in Fig. 44. 

It should be carefully noted that this curve is drawn for a definite initial tempera- 
ture, 4590°, and cannot therefore be used to determine accurately the pressure volume 


Isentropic Expansion 
of a Gas with 


Co=0.2 
T,= 4500 deg. fahr, abs, 


Absolute Pressure 


3 4 5 6 
Ratio of Expansion 
Fig. 44. 


relationship for this gas expanding isentropically from any other initial temperature 
However, the results will be found useful in many cases, and will give very close 
approximations to the true values with this gas even though the initial temperatures 
are appreciably removed from 4500° F., abs. 


84. Irreversible Adiabatics——(a) Whenever a working substance 
expands with turbulence and fluid friction it undergoes an irreversible 
process, as already shown in Sect. 50. Hence, if such a process takes 
place in a closed vessel that is thermally insulated from other bodies, it 
becomes an irreversible adiabatic. Turbulence is always produced 
by permitting uncontrolled or “ free’? expansion of any fluid. This 
term means allowing the fluid to pass from any pressure to a lower 
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one without attempting to utilize its available energy by means of a 
piston or nozzle. One illustration was discussed in Sect. 50(d). 

(b) Suppose an ideal gas is allowed to expand adiabatically from 
some known initial state to a lower pressure, and it is desired to find 
the difference in the final states of this gas if this expansion is perfectly 
controlled in one case and free in the other. Thus, two adiabatic expan- 
sions are involved, one reversible and the other irreversible to the highest 
degree possible. Let the initial state be represented by a, then Pa, Va, 
and 7’, are all known. Let the final states be represented by b for the 
reversible process and by c for the irreversible one. 

For the isentropic process, from Sect. 82, it follows that 

1 y-1 
Vi= v.(2)’, T= 7.(22) ¥ and “63 = he. 
Po Pa 
Hence, the curve ab may be readily drawn on the PV- and T¢-diagrams. 
It is shown in Fig. 45 for a ratio of pressures such that pz = 10ps. 


Fic. 45.—Isentropic and Free Expansions. 


For the free expansion, it is known that the final pressure p, = po, 
and from Joule’s experiment, Sect. 69, it follows that the temperature 
after the turbulence has subsided, at the end of a free adiabatic expan- 
sion of an ideal gas, is the same as initially, or in other words 7, = T,. 
Hence the state c may be located, as shown in both diagrams, by the 
intersection of a constant pressure line through 6 with an isothermal 
through a. These lines be and ac, shown dotted, are simply construc- 
tion lines and do not represent the processes actually occurring, such as 
does the solid line ab for the reversible process. For the free expansion, 
the actual process cannot be shown on either diagram. However, the 
final state c, after equilibrium has been restored, can be determined, 
PV PVs 


since, in general, for an ideal gas 7 
c 


T, = To, hence V, = Va(pa/D.). 


; and since, for this case, 
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(c) The change in entropy during the irreversible adiabatic ac may 
be determined by evaluating the integral { “ along any reversible 


path connecting the points a and c. The gas in state c is in exactly 
the same condition in which it would have been, had it expanded along a — 
reversible isothermal from a, or had it been heated at constant pressure 
from 6, although the heat required, the external work done, and the 
apparatus involved, are very different. Hence, from Eq. (85), 


A®,, = wAR log. (7) = wAR log, (22). Yes Sold) 


Then again, this state c might have been reached by expanding along 
the reversible paths ab and be. 
Then, from Eq. (77), 
A®,, = A®g, + Ay, = 0 + we, log, = 
b 
9 ice! 


But asis= 7, and T, = 7,(22) ” | this equation becomes 


Ves 
A®,. = we, log. (22) Sete Cae Fenn Ree (119) 


c 


; —] 
and, since (=) cp = AR, it reduces to Ad, = wAR log, oe as 


before. Any number of reversible paths might be chosen such that by 
following them the gas would be brought to the state c from a, and the 


value of a will be found to give the same result, as that shown by 


Eq. (118) or (119). 

(d) It is important to note that, after all turbulence has subsided, 
the free adiabatic expansion of an ideal gas gives the same final state as a 
reversible isothermal having the same initial state and the same final 
pressure; but this free expansion does no useful work and has a large 
increase in entropy, although no heat was added from an outside source. 

Between these two extreme limits of the adiabatic expansion of a 
gas, the free and the isentropic, there are many actual expansions in 
engineering processes which approximate adiabatic conditions. Some- 
times the turbulenceis very slight, and consequently the entropy increases 
only a small amount, so the final state would be near 6 on the constant 
pressure curve bc of Fig. 45. On the other hand the degree of turbu- 
lence may be considerable, yet appreciably less than the maximum pos- 
sible, hence the final state would be closer to c on the line be. From 
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Fig. 45 observe how the final temperature and volume both become 
larger as the entropy increases for a given final pressure, such as bc. 


85. Throttling or Wire Drawing in General—(a) Whenever a fluid 
passes through a restricted opening, so that there is an appreciable reduc- 
tion in its pressure, and much turbulence is produced, the process is com- 
monly called “ throttling ’’ or “ wire drawing.’ The usual conditions are 
such that the flow is steady, and for such cases the general energy equa- 
tion, Eq. (21), and notation given in Sect. 44 apply. Furthermore, since 
the throttling usually takes place through a valve or an orifice in a thin 
plate, the amount of heat that may be transferred to or from the fluid is 
very small, and the process is, therefore, nearly, if not actually, adiabatic. 
The two sections, / and 2, are so close together usually that the altitude 
21 may be considered equal to z2._ Since there is no possibility of deliver- 
ing mechanical energy by any throttling device, E» = 0; and, assuming 
the process to be adiabatic, then #, = 0 and R, = 0. Hence, for the 
adiabatic steady flow throttling process, Eq. (21) becomes 


= w(ve? — 017) 
ee egies aay 50,000” 
or 

w(v22 — v1?) 


Ne Ee 50,000 


(120) 
(b) Now, if the velocities on each side of the restriction are equal, 

Or v1 = ve, then 
Hee He 20) eee eee 


This last equation is a general one for any kind of a fluid,—liquid, vapor 
or gas,—provided that the conditions of steady flow are maintained 
and also that the throttling is adiabatic with v1 = v2 and 21 =22. 
Instead of givingall of these conditions, it is quite common, when dealing 
with gases and vapors, merely to say that a throttling process is one in 
which the initial and final heat contents are the same; but it should be 
noted that the velocities may not always be equal, and that the radiation 
loss may need to be included, in which case the steady flow throttling 
process is not exactly one in which Hy = Ho. 

(c) Consider the case of an zdeal gas being throttled under the con- 
ditions specified for Eq. (121). Then, Hi —-H2=0. But, HW; =]; 
+ AP,V,; and Hz = Iz + APeV2, and for an ideal gas, I; — Io = 
we,(T; — T2); hence 


Hy — He = we,(T, — Tz) + A(PiV1 — P2Vs) = 0, 
we,(T1 — T2) + wAR(T, — T2) = 0. 
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Obviously, the only condition that will satisfy this equation, since w, 
¢,, A and R cannot be zero, is that 7; = To. 

In other words, the temperature of an ideal gas must be constant if 
its heat content remains constant. Hence, by measuring the decrease 
in temperature of any real gas for a given drop in pressure due to throt- 
tling adiabatically, that gas may be investigated, under various pressures 
and temperatures, to find its departure from this ideal gas law. 

86. The Joule-Thomson Effect.—(a) In 1852, Joule and Lord Kelvin 
(Sir William Thomson) substituted a porous plug for the throttling 
valve, and, by insulating Joule-Thomson Effect, deg, cent. 
this plug carefully, they 0 10 20 380 40 650 60 70 80 90 100 
obtained a very close ap- Bake 
proximation to true adia- 
batic conditions. They 


tested a Jarge number of s-2 -30 2 
gases by forcing them ae - 03 
through this plug and * +8 
measuring very accurately 2 or = : 
the resulting changes in = -2 ie 
temperature and pressure. B60 ees 
TheyfoundthatJoule’slaw € 30 8 
for ideal gases, viz. that the Re i P. 
change in internal energy -10 Ae 
of a given quantity of heat- _,, 

insulated gas depends only 0% 4 6 8 10 150 100 10 180 


on the change in tempera- peta alamo pee alg Sg 


ture, and is independent of 
its pressure or volume,— 
does not hold for actual gases since a change of temperature does take 
place. The decrease in temperature per unit fall in pressure, with the 


Fie. 46.—Joule-Thomson Effect with Air 
Expanding to Atmospheric Pressure. 


ot d 3 
heat content remaining constant, or the value of (=) = p, 18 a 
H 


measure of the departure from the ideal, and is called the Joule- 
Thomson Coefficient or “cooling effect.’”” With perfect gases it is zero. 
With real gases and vapors this coefficient serves not only as the indica- 
tion of the variation from the ideal but also as a measure of the cooling 
that may be obtained during adiabatic throttling, which is important 
in connection with refrigeration and with the liquefaction of gases. 
Further, this coefficient is very valuable in determining the properties 
of gases and especially those of vapors, such as steam and ammonia. 
(b) This classical experiment has been repeated by many other 
investigators on various gases and vapors. In general, the higher the 
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temperature and the lower the pressure, initially, the less is the Joule- 
Thomson coefficient, or cooling effect,—or in other words, the smaller 
the value of » the more nearly perfect is the behavior of the gas. As an 
illustration, the experimental results of Bradley and Hale,? obtained from 
air at various initial temperatures and pressures, are shown in Fig. 46. 


87. Velocity through Nozzles.—(a) Consider that a fluid flows, by 
virtue of a drop in pressure, through a properly shaped nozzle, and does 
so without turbulence or friction and without any transfer of heat to or 
from the fluid. Such a nozzle would be called an ideal one, because in 
the actual case these losses cannot be reduced entirely to zero, even 
though they are often very small. Then, for the steady flow of a fluid 
through an ideal nozzle, with z; = 72, Eq. (21) becomes 

ore he 
See =< Hy i He = whi — ho), 


or 


v2 = V50,000 (hi — ho) +2... . (122) 


When 2; is extremely small compared with v2, as frequently occurs, it 
may be neglected, in which case, . 


02 = 223,.7V ia = he: Lovha ahs 


(b) For the nozzle without friction, turbulence or heat absorption, 
the expansion must be isentropic, hence, for the particular fluid involved, 
the value of (hi — hz) is calculated for isentropic expansion from a 
known initial state to some given secondary pressure, volume, or 
temperature. 

(c) For ideal gases it was shown in Sect. 74 that the difference in 
heat content per pound of gas is hi — he = cp(T1 — T2); hence, for 
such cases, with v; negligible, . 


uy = 22887 N GPx 2) ee oR eee 


y—1 


Ue 


But, for isentropic expansion, 72 = 7) (2) Hence 
1 


ve 23. Nexn = (22) 7]. fe Po 


Pl 
Thus, since 7, = PyVi/R and cp/R = y/[(y — 1)778], 


| a! 
vy = —_— satay 
No Pivi{1 — (22) "al . (1258) 


y—-1 
° Physical Review, Vol. 29, 1909. 
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(d) For gases with variable specific heats the value of hy — ho = 
(Hy — Hz)/w may be obtained from Eq. (56) after finding J’. 

(e) The probable velocities from actual nozzles may be found by 
applying a proper “ nozzle coefficient ”’ to the velocity obtained by the 
foregoing equations. These coefficients depend on many factors, espe- 
cially when vapors are involved, and will be discussed later in dealing 
with the flow of steam and in the further consideration of nozzles. * 
For air the coefficients are very high,—often approaching 99 per cent. 
If the velocity and the heat content of the fluid leaving the actual 
nozzle be designated by v3 and hz, respectively, then from Eq. (21), 
with 21 = 22, E, = 0, E;, = 0, and R, = 0, it follows that 

= 1/50,000 (ti — hs) + 0-1 = coeff. 1/59,000 (hi — ho) + m2. (126) 


88. A General Method of Determining the Change of Entropy of 
Gases.—(a) Consider the initial state of a gas to be fixed by its pressure 
volume and temperature, say by pi, Vi and 71. Then knowing the 
kind of a gas, its constant R may be determined, and consequently the 
weight, w, can be found. Let this amount of gas undergo any number 
of processes, some reversible and some irreversible, until a new state, 2, 
is reached. After equilibrium is established the values of p2, and Te 
may be determined experimentally. If it is desired to compute the 
gain in entropy, Ad, 2, it may be done as follows: 

In general, for any reversible process connecting / and 2, 


dV 
dQ = dI + APdV = we,dT + wART—-. 


2 T2 
Hence, a6. = °F dQ ie veal +f" vant? 


“ ee ae Ah tee GT, 
fis 


which can be evaluated when c, is known. 
(b) If c, varies according to the equation c, = M + BT + CT?, 
then Eq. (127) becomes 


A®i 2: = w| a1 loge me + B(Te — Ti) 


V1 
Or, if the mean value of the specific heat over the temperature range 
involved is known, Eq. (129), in the next paragraph, may be used for a 
very close approximation. 


i. S(T — 1,7) + AR log. I. . (128) 


PV T 
(c) For ideal gases, cy = a const., Pe = ; Tf and AR = (y — 1)cy. 


*See Part II, Sect. 253. 
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V 

Then, Adi.2 = we, log. : + wy — 1)e log. a ae a8 28779) 
} =x 

= we, log, (7) (oy cht een tee. 

- ve r) 129¢ 

WC, log. (2) (7 ; ( ) 
= 

= WC» lO. (2) (2) " (129d) 


Hence it follows that, for any gas in which © is constant, any one of 
these four forms of equations permits the ready calculation of the 
gain in entropy between the two states of the gas, provided the 
ratios, p2/pi1, T2/Ti1 and V2/Vi are known. Many other forms of 
these equations may be developed, but those given will usually be found 
the most convenient ones to apply. 

89. Methods of Solving Exponential Equations.—(a) Throughout 
this chapter many equations involving terms with an exponent are used. 
They also occur very frequently in many other kinds of engineering 
work, and may be solved by different methods, each one involving 
logarithms, either directly or indirectly. No one method can be said 
to be superior to all others, as the choice of the one to be adopted 
depends largely upon the purpose of the calculations. 

(b) For the usual numerical results that are involved in thermo- 
dynamic processes, the calculations can generally be made most rapidly, 
and to a satisfactory degree of accuracy, by means of a 10-in. log-log 
slide rule, which permits the direct reading of fractional powers and 
roots of all numbers that are likely to be encountered. For example:— 
Let it be desired to find the value of r”. By logarithms, log r” = 
nlog r; and log(log r”) = log(log r) + logn. Then using the slide rule, 
r is set on the log log scale, and by means of the slide the log of n is 
automatically added to it, thus obtaining directly the reading of the 
value of r” by means of the log log scale. 

Slide rules are also very convenient for determining the numerical 
values of common and hyperbolic logarithms of numbers, especially 
small ones, such as the ratios involved in the thermodynamic processes. 

(c) If extreme accuracy is essential, or if the transcendental equations 
are involved, the use of a suitable table of logarithms becomes desirable. 

(d) If a large number of values is to be found from an equation, it 
will usually be desirable to plot the corresponding curve, and this may 
be done to such a scale that results may be read to the required degree of 


METHODS OF SOLVING EXPONENTIAL EQUATIONS 17 


accuracy. This curve may be constructed on the usual type of cross- 
section paper; but, if the equation is of the general form PV” = a 
const., the logarithmic paper is most convenient since the resulting 
curve is then a straight line. The method of using logarithmic cross- 
section paper will now be considered. 

(e) The equation PV" = K = const., if solved by logarithms, 
takes the form log P = — nlog V + log K. Then letting y = log P, 
x = log V, and k = log K, the last equation may be rewritten y = 
—nx-+k. This is the equation of a straight line with negative slope n 
and y-intercept k. It is shown in Fig. 47 by KS, drawn to the ordinary 
uniform scales Ox and Oy. The abscissa of any point A on KS, meas- 
ured on the scale Ox, gives the o 1, 
logarithm of the value of V repre- “1]’3 
sented; its ordinate on scale Oy is 
the logarithm of the value of P. 

jf now new scales Ly and Lp are 
constructed in such a manner that 
the lengths 1-2 and 1-38, etc., repre- 
sent the logarithms of 2, 3, etc., 
as is done on the scale of the slide 
rule,—then these logarithmic scales 
may be used for reading directly the , 
numerical values of P and V corre- 1 2 $4 5 678 0 
sponding to points on KS. To the Oe? 1) 4G 8s Pues comb ey 
scale Lp, the y-intercept of this line Fria. 47,—Logarithmic Chart. 
is the constant K, and to the wnu- 
form scale the slope is n. Since the values of P and V may be read 
directly on the logarithmic scales, the uniform scales are not usually 
given on charts of this character. 

Any straight line can be located on the logarithmic chart if the PV 
values for two points are known; or if one point and the slope n are given; 
but in the latter case it must be remembered that the slope is laid off 
using the uniform scale. For one of the points it is sometimes conven- 
ient to use the y-intercept, K. 

After the line has been drawn, the simultaneous values of P and V 
may be read, and these may then be used in drawing the PV curve on 
ordinary cross-section paper. 

The chart in Fig. 47 is arranged for numbers between 1 and 10, 
but it may be used for numbers between .1 and 1, between 10 and 100, 
100 and 1000, and so on, by merely changing the scales to suit. 

When a wider range of numbers is under consideration (as from .1 
to 100) a “ checkerboard ”’ composed of several similar logarithmic 
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charts may be used. Thus in Fig. 48, let each of the squares contain 
such a chart and let the one surrounded by heavy lines correspond to 
Fig. 47, with KS reproduced. In the lower tier of charts the ordinates 
are for numbers from .1 to 1, in the middle tier they are from 1 to 10, 
and in the upper, from 10 to 100. The abscissas for the vertical columns 
progress, from left to right, by multiples of ten also. 

The codrdinates of a point anywhere on the checkerboard can 
be read directly on the proper scales. For example, point B has coor- 
dinates P = 25 and V = .35; for point C the value of P is 0.14 and 
V is 13. 

As all the squares are cross-ruled the same, and differ only as to 
scales (and that by multiples of 10), it is evident that if S’7” is drawn 
in the central chart in a position similar to that of ST in the square 
below, it can be used in place of 
the latter line provided points on 
it are read to a scale 7 that used 
for KS: “Similarly, TU"? KeQ3 
and Q’’"M’ may be drawn to cor- 
respond to TU, KQ,’ and QM re- 
spectively, and may be used 
instead of them with proper change 
in scale. Thus a single logarithmic 
chart may be used in place of the 
checkerboard. Obviously, when 
the curve crosses a_ horizontal 
er 1 W mw boundary line the scale of ordinates 
Fia. 48.—Checkerboard of Logarithmic changes; and when it crosses a 

Citarts vertical boundary the scale of 
abscissas changes. 

If m = 1, as in the case of the equilateral hyperbola, the slope 
of the line is — 45°. If the exponent is greater than 1, the slope is 
steeper, and vice versa. 

(f) An interesting application of the use of logarithmic cross-section 
paper in engineering work is found in C’ayton’s Analysis of indicator 
diagrams of steam engines and internal combustion motors. When 
drawn on such paper, the actual expansion and compression curves are 
found to be substantially straight lines, because they represent proc- 
esses that follow closely the law PV”=const. The actual values of 
the exponent n can be more accurately determined in this way than by 
any other means. 


10“ A New Analysis of the Cylinder Performance of Reciprocating Engines,” 
by J. Paul Clayton, Bul. 58, Univ. of Ill. Eng’g Experiment Station. 
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When carefully plotted these logarithmic diagrams may also be 
used for 

(1) Approximating the clearance volume; 

(2) Detecting the leakage, if appreciable; 

(3) Determining the piston positions for the various events; 

(4) Approximating the steam consumption. 


Illustrations of such diagrams, and Clayton’s Analysis, will be given 
in the discussion of the Steam Engine. 

(g) On the PV-diagram, the curve corresponding to PV = const. 
is an equilateral hyperbola, and hence can be easily constructed. For 
drawing the curve through point A two methods will be given. First 
Method :—In Fig. 49, draw through the point A horizontal and vertical 
lines pp: and 171’; next, from the origin O draw any number of rays 


b 1 Cy; 
Fig. 49. Fire. 50. 
Figs. 49 and 50.—Construction of Curve PV = Constant, on PV-Chart. 


(such as Od) to intersect these lines (as at a and b); then horizontal and 
vertical lines drawn through these points of intersection will meet 
at points (such as B) on the desired curve. For expansion from point A, 
the rays fall below A; for compression, they fall above. Second 
Method :—Through A, Tig. 50, draw any number of lines, as bb1, cc1, 
ete.; make 6:B = Ab, c:C = Ac, and so on; then the points A, B, C, 
etc., will be on the desired curve. 

90. Reference Diagrams and Table.—(a) Isobaric, isometric, iso- 
thermal, isentropic and polytropic processes are met with so frequently 
in engineering calculations, that it is important to have a clear picture 
of their relative shapes on the PV- and 7'¢-diagrams, whether expan- 
sions or compressions are involved. These processes are represented 
graphically in Fig. 51(a) and (b), on page 122, with the initial state of 
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a gas for which y = 1.4 shown in each case by the letter A. The 
processes having an increase in volume or in entropy are represented 
by solid lines and the opposite cases are shown by broken ones. 

(b) A comparison of the expansion curves on the PV-diagram (Fig. 
51(a)) will show that as the graph of the different expansions considered 


Pressure 


Temperature 


Isentropie 


Entropy 


Fig. 51.—Showing Effect of Value of n in Equation PV” = Const. 


swings down through the quadrant BAC the exponent increases in size. 
The facts that any equation with n < 1 > 0 gies a graph less steep than 
the isothermal and that any equation with n > 1 < © gives one steeper 
than the isothermal are very useful. The idea of steepness in this state- 
ment is important, as, in general, one curve cannot be said to lie above or 
below another. For example, if the curves in the figure are continued 
as compressions, from the point A, their relations as to vertical position 
are reversed. 

(c) Any polytropic that has a value of n between 1 and y must lie 
between the isentropic and the isothermal on any graphical representa- 
tion. Such a process is characterized by a drop in temperature during 
expansion although heat is being added to the gas, as will always be shown 
by its increase in entropy. Similarly, the corresponding compression is 
characterized by a rise in temperature although heat ts being abstracted 
from the gas, as will always be shown by its decrease in entropy. 

(d) In Table V are arranged in convenient form for reference the 
formulas that are very frequently needed when dealing with ideal gases, 
or with real gases for which the average values of the specific heats are 
known for the temperature ranges involved, 


CHAPTER IX 
THE INDICATOR DIAGRAM 


91. The Indicator Diagram.—In connection with any type of recip- 
rocating apparatus, such as engines or pumps, an “‘ indicator ’’ may be 
used to determine graphically the pressure-volume history of the fluid 
within the cylinder. From the pressure-volume history of the variable 
amount of working substance within the cylinder, the work actually 
transferred between the piston and this working substance can be com- 
puted for any period desired. 


92. The Indicator.—(a) The indicator is the instrument used to 
obtain the ‘‘zndicator diagram.” There are in use to-day many different 
types, one of which is shown in 
Fig. 52. A card is mounted on the | 
outside of a drum which is caused to 
oscillate in unison with the motion 
of the piston of the reciprocating 
apparatus. A pencil, which may be 
pressed against this card, is actuated 
by a small, spring-balanced piston 


| 


subjected to the same pressure that 1 
exists in the main cylinder. Thus Ae, oe 


the card movement is proportional 
to the volume displaced by the 
piston of the apparatus being stud- 
ied, while the pencil movement is 
proportional to the pressure which 
actuates the piston. The pencil 
movement is at right angles to the BiG.<52= Indicator: 

card movement and hence a pressure- 

volume diagram with rectangular coordinates is obtained. The heavy 
lines of Fig. 53 represent an indicator diagram characteristic of one 
common type of reciprocating apparatus. 

(b) If the card drum oscillates under the pencil while the indicator 
piston is subjected only to atmospheric pressure, a horizontal line, 
called the atmospheric line, will be drawn. Every indicator diagram 
should include this reference line in order to be complete. 

123 
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93. Types of Pressure-Volume Diagrams.—There is a distinct 
difference between the pressure-volume diagram already studied in 
connection with thermodynamic processes and the indicator diagram. 
The former is constructed to represent changes of state of a constant 
weight of the working substance, whereas an indicator diagram repre- 

Y 3 sents the changes of state of the 
amount of working substance within 
the cylinder that varies while the 


ae diagram is being drawn. Therefore, 
ae in analyzing indicator diagrams, 
Zod Al ee i equations developed for a constant 
OT {Zero Abs. Pres. 7 fc weight of substance should be applied 

R Piston—Displacemen: i i 
Y ‘clearance only to those portions of the dia- 
Tia 53. gram that do not involve a variable 

amount. 


94. Determining Absolute Values from the Diagram.—(a) Before 
absolute pressures and volumes can be scaled from the diagram, the zero 
line of absolute pressure and the zero volume line must be located. The 
pressure represented by one linear unit of ordinate on the card, or the 
pressure scale, depends on the indicator spring and the size of indi- 
cator piston used. This scale being known, the zero absolute pressure 
line can then be located the proper distance below the atmospheric line 
to correspond to the barometric pressure that existed at the time the 
diagram was taken. The length of the diagram is proportional to the 
“piston displacement,” which is defined as the volume displaced by the 
piston in one stroke, and which can be determined when the diameter 
of the cylinder and the length of the stroke of the piston are known. 
Having the piston displacement and the length of the diagram, the vol- 
ume represented by each unit of abscissa of the diagram, or the volume 
scale, can be found. If the engine is double acting, the diagrams for 
both working ends may be drawn on the same card. Knowing the clear- 
ance at each end of the cylinder, as a per cent of the piston displacement, 
the zero volume line for each end of the card is located by adding to the 
length of the card the proper percentage for the clearance at that end. 

(b) The zero absolute pressure and zero volume lines are shown in 
Fig. 53 by the axes O-O and Y-Y. With these axes located, the pres- 
sure and volume may be scaled for any point on the diagram. 

95. Calculations from an Indicator Diagram.—(a) The mean 
effective pressure of an indicator diagram is a quantity widely used in 
designs or analyses relating to reciprocating apparatus. This quan- 
tity is designated by pm or m.e.p., and is defined as the constant pressure 
which, acting on the piston for one stroke, would accomplish the same 
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amount of work that is done in the actual number of strokes required 
for tracing the complete indicator diagram. Thus, this pressure is 
represented by the altitude of a rectangular diagram having the same 
area and length as the actual indicator diagram. The mean effective 
pressure can be found by dividing the area of the actual diagram by its 
length, and introducing the pressure scale to convert the resultant dis- 
tance into the desired pressure. All engines require at least two strokes 
to complete an indicator diagram, and many internal combustion engines 
require four strokes. 

(b) The indicated work per cycle is represented by the enclosed area 
of the diagram, and may be either the net amount of work delivered by, 
or that absorbed by, the apparatus during one cycle of events within 
the cylinder, depending upon whether the machine is an engine or a 
pump. The work in foot-pounds represented by each cycle of events 
of a cylinder end is 


Dn XK aX L, 
where 
Pm = the mean effective pressure in pounds per square inch, 
a = the area of the piston in square inches, and 
L = the length of the stroke of the piston in feet. 


(c) The indicated horsepower is usually desired from an indicator 
diagram rather than the indicated work. Since an indicator diagram 
is traced separately for each working end of the cylinder of the appa- 
ratus, it is usually desirable to speak of the “‘ indicated horsepower per 
cylinder end.”’ If there are n cycles per minute per cylinder end, then 


PmLan 
33,000° 


i.hp. per cyl. end = (130) 


The indicated horsepower, as is the case with the indicated work, may 
be either the power delivered by or to the piston. 

(d) Knowing the scale of the spring, the number of cycles per min- 
ute, and the area and stroke of the piston, the only quantity needed 
from the indicator diagram for determining the indicated horsepower 
is the mean ordinate, which can be found by dividing the area of the 
indicator diagram by its length, as already shown. 

96. Methods of Determining the Area of an Indicator Diagram.— 
(a) The area of an indicator diagram can be determined (1) by placing 
transparent ‘“ cross-section paper ”’ over the diagram and counting the 
squares surrounded; (2) by using some such form of mechanical inte- 
grating instrument as the “ planimeter ” ; (3) by applying the “‘ method 
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of ordinates’; or (4) by using some integration rule such as the “‘ Trap- 
ezoidal Rule ” ! and ‘“ Simpson’s One-third Rule.’’? 

(b) One form of planimeter is shown in Fig. 64. It consists of two 
arms jointed together, one terminating in a “ fixed point ” which is a 
stationary pivot, while the other carries a “ tracing point.” The third 
support for the instrument is a point on the rim of a graduated wheel 
or “record roller.” If the record wheel is set at zero and the tracing 
point is moved clockwise around the outline of the diagram and is 
returned to its original position, the area of the figure is given by the 
reading of the record wheel. The theory and use of planimeters is 
treated in books on Experimental Engineering.® 

(c) In the method of ordinates, the length of the diagram is divided 
into a number of equal parts, with interval Az, as in Fig, 55, and ordinates 


Tracing Point 


4 Fixed Point 
Fig. 54.—Planimeter. 


are drawn, as 1, 2, 3, etc., in the figure. Central intermediate ordinates 

are then drawn and the intercepts yi, yz, y3, etc., are scaled and used 

as the mean heights of the elementary areas between ordinates. The 

area of the diagram is approximately A = Ly X Az, and the mean 
zy 

(no. of ordinates)” 

This method is not strictly correct, for the middle intercepts are not 
necessarily the mean heights of the elementary areas. These mean 
heights can be found quite accurately by the method shown in Fig. 56. 
Here lines AB and CD (not necessarily horizontal) are so drawn that 
areas a1 and az are equal and that b} = be. Then the distance y between 
the centers of these lines is the true mean height. The equality between 


ordinate is Ym = 


' For this rule see Kent’s ‘‘ Pocket Book.”’ 
* See Church’s ‘‘ Notes on Mechanics” or Kent’s ‘Pocket Book.” 
* See Carpenter and Diederich’s ‘Experimental Engineering.” 
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areas a and az and between b; and be can be estimated very accurately 
by eye. 

97. Other Uses of Indicator Diagrams.—(a) In addition to giving 
the value of the indicated horsepower of the apparatus to which the 
indicator is attached, the indicator diagram is often used for other pur- 
poses, such as the determination of the time of opening and closing of 
the valves, and the effect of different types of valves on the resistance 
to the flow of the fluid through them. Also the character of the curves 
for the various parts of the diagram are frequently studied in order to 
obtain information regarding the transfer of heat to and from the work- 
ing substance during the corresponding periods. 

All of the above information is of value in the design and operation 
of various kinds of reciprocating pumps and heat engines. Also for 
internal combustion engines, the indicator diagram often yields addi- 
tional valuable information concerning the rate of combustion and the 
time of ignition. 

(b) For engines that operate at very high speeds, such as those for 
airplanes and automobiles, the ordinary indicator is not suited as the 
inertia effect of its moving parts becomes so pronounced as to preclude 
its use under these conditions. In such cases special high speed indi- 
cators are generally employed. In this type there is usually a small 
mirror, of negligible weight, which is moved in such manner that it 
causes a ray of reflected light to trace the indicator diagram on a ground 
glass screen or on a photographic film. 

98. Conventional Indicator Diagrams.—In addition to the very 
valuable indicator diagrams which are taken from actual apparatus, 
there are others that are termed “‘ conventional ”’ indicator diagrams 
which are very useful for the purposes of analysis and design. Such 
diagrams are laid out on a drawing board according to certain accepted 
conventions and permit estimating the probable performances of various 
pieces of apparatus. The particular values of the generally accepted 
conventions will be discussed in the chapters dealing with the type of 
machine then under consideration, 


CHAPTER X 
COMPRESSED AIR! 


_99. The Compressed Air Plant.—In many kinds of work, compressed 
air serves as the most useful medium for the application of energy. In 
such cases, energy from some convenient source is used to operate an 
air compressor from which the compressed air passes to a recezver, or 
storage tank, in which nearly constant pressure is maintained. From 
the receiver, this air passes through a pipe line to the point, usually 
remote from the compressor, where it causes air engines, or tools, to 
deliver a certain amount of useful work. The volume of the receiver 
should be large enough to care for the variable demands for air so that 
the compressor may be operated at nearly constant speed. ; 

The compressing of the air increases its temperature, but usually 
the cooling which the air undergoes in the receiver and transmission line 
will cause its temperature to become again nearly atmospheric by the 
time the air tools or engines are reached. Since, for reasons given later, 
it is often desirable to have hot air for the use of the air machines, a 
preheater,? or apparatus for transferring heat to the compressed air, is 
sometimes installed in the circuit to heat the air as it is delivered to the 
tools. 

The purpose of this brief description of a Compressed Air Plant is 
to name the various pieces of apparatus in such an installation and indi- 
cate their functions. These component parts will be considered indi- 
vidually in the remainder of the chapter. 

100. The Air Compressor.—Air compressors are generally of the 
reciprocating, or centrifugal types, but occasionally the rotary and jet 
types are used. In the broadest sense, they include all devices used for 
raising the pressure of air; but technically the term is generally applied 


1 Tf desired, this chapter may be postponed until later; but it serves well to show 
some simple applications of the preceding work. 

> The term “ reheater”’ is sometimes used. Since the air has already become heated 
in the compressor, such a term is logical. However, since there is the possibility of 
reheating the air after partial expansion in the engine, the term preheater is perhaps, 
more logical as indicating the heating taking place before the air is delivered to the 
engine, 
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only to apparatus which raise the pressure to a comparatively high value, 
say greater than 25 lb. per square inch gage. In extreme cases the 
pressure is increased to several thousand pounds per square inch. 

Other devices, such as fans and rotary blowers, are really com- 
pressors but are seldom spoken of as such, principally because the 
pressures attained are so small that the main function may be con- 
sidered to be the propelling of air rather than its compression. 

The term Blowing Engines, or Blowers, is used to designate certain 
apparatus used for compressing air to pressures to between 10 lb. and 30 
lb. per square inch above atmospheric for use in ‘‘blowing”’ cupolas and 
blast furnaces. These are properly air compressors but because of the 
low pressures many of the difficulties attending compression to higher 
pressures are not met in their design. 

101. Free Air.—Since the requirements of air tools and machines are 
usually expressed in terms of the ‘‘ volume of free air’ required per 
minute, the determination of the size of an air compressor is also usually 
based on the amount of free air it must handle. As will be seen later, a 
given volume of moist air weighs less than the same volume of dry air 
at the same pressure and temperature. The pressure of a mixture of a 
gas and vapor is equal to the sum of the two individual pressures. The 
volume of free air is measured at the pressure of dry air and at the actual 
temperature at the entrance of the compressor intake. 

102. The Ideal Reciprocating Air Compressor Having No Clearance. 
—(a) A large proportion of the air compressors of all sizes in use to-day 
are of the reciprocating type. The essen- OURS Bryer re 
tial elements of an air compressor of this lu foe 
kind are shown in Fig. 57, A being the AS, | 
spring-closed inlet valve, which opens y | Rod and Piston 
inwardly, and B the spring-closed discharge eae " Drive 
valve, opening outwardly. In the case / oO 
shown there is no clearance, the piston just Af 
touching the cylinder head at one end of its Fic. 57. 
stroke. 

(b) Initially, imagine the piston in contact with the cylinder head. 
By the application of an external force to the piston rod, the piston can 
be drawn to the right, and air will then enter the cylinder through valve 
A at suction pressure, according to the horizontal line ab, in Fig. 58, 
which represents the conventional indicator diagram for this com- 
pressor. This is the suction period. 

(c) When the cylinder has been thus filled with air, at the pressure 
P,, and the volume V,, the piston may be driven back to the left. 
As soon as such motion starts, the valve A will be closed by the light 


2 
Driven from 
External Source 
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spring shown, and the air entrapped in the cylinder will then be com- 
pressed according to some law, as shown by be, the final volume being V.. 
This is the compression period. 

(d) When the piston has compressed the air to the pressure P, 
the discharge valve will open (at c) and the continued motion of the 
piston will deliver the air at constant pressure, P., to the receiver, as 
shown by the line cd. Thus, the piston will end its stroke in contact 
with the cylinder head, having discharged at pressure P, all the air 
received at pressure P;. This is the delivery period and completes a 
cycle of the compressor. 

103. Net Work Done on the Air in Compressor.—(a) In Fig. 58 
the area abge shows the work done wpon the piston during the suction 

stroke by the entering air, gbcde represents 

odes that done by the piston on the air during 

the compression and delivery periods, and the 

2 net work delivered to the air is shown by the 
7 --- net area abcd. 

Volume poy (b) A convenient expression for the net 

Fic. 58. work done on the air during the cycle of an 

air compressor having no clearance, as shown 
by Fig. 58, can readily be developed. Thus, assuming polytropic 
compression, which is the most general case, the net work done on 
the air per cycle is 
Net Wkeyce = Works, + Work.a — Workas 
eee eas 


ei ee 


Reducing this expression to a common denominator, it becomes 
Net Weyer = Aaa Ne — PxV>s) = meng Ce —wRT;). (132) 


With no leakage, w, = w, = weight of air handled during one cycle, 
or unit of time, for which the diagram is drawn; therefore, the net 
work done on wy, lb. of air becomes 


Net Who, = —“—wiR(T. — 71). 
Multiplying and dividing through by 7), this becomes 


wt 
n T n le Pier oa 
Net Wkw, = wert (aE — i) grees wok Ts (52) = 1| (133) 


n—1 


=-— Pov] (2) * — i]. (134) 
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(c) The advantage of reducing the equations to the forms given by 
(133) or (134) is due to the fact that these expressions involve only the 
terms that are likely to be most readily available. Thus, one would 
have given the suction pressure, p,, and the volume V, at the beginning 
of compression, or the weight w, of air compressed per unit of time, and 
the temperature 7',. The delivery pressure p, is known and the nature 
of the compression curve bc is determined when the value of the exponent 
nis chosen. In Eq. (134) the value of V; is often taken as the volume of 
“free air’ although the temperature and pressure at b may be slightly 
different from the corresponding values at the entrance to the com- 
pressor intake at a. 

(d) There are two limiting conditions which may be imagined as 
existing during the compression period: 

(1) No heat may be removed from the air during the process, in 
which case the compression will be adiabatic with a consequent rise in 
temperature. Unless otherwise stated, in this chapter the adiabatics 
will be considered reversible. . 

(2) The air may have heat removed at such a rate that its tempera- 
ture is kept constant, in which case the compression will be zsothermal. 

All actual cases generally fall between these limits, as will be seen 
later. 

(e) If the compression is carried out adzabatically it means that the 
curve bc follows the law PV” = a constant, or that the exponent n has 
taken the particular value y for the gas that is being compressed. Hence 
with adiabatic compression, the net work for wy lb. is 


pica 
Net Wkaaiav. = el =) -— i| 
(Pee Py 


ee 1]. nee (les) 


(f) If the compression process, bc, is isothermal, the general equations, 
Eqs. (133) and (134), cannot be used since they reduce to indeterminate 
forms. However, for such a case the net work can be readily deter- 
mined. Thus, with isothermal compression, 


ee tPA log. Ys PVP Va 


But, from Boyle’s Law, P.V. = PV»; therefore, 


NORV ee P a, log. + See TAlog os. -. (136) 
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or 
Net Whison. = PoVs loge 7 = wRT» log. fe ea) 
b 


(g) In Fig. 59 are given two superposed diagrams, abcd and abe’d, 
both from the same compressor which is to compress to a delivery 
pressure Pg the amount of air which originally occupied the volume V» 
when at atmospheric pressure. The compression line bc is an zsothermal 
and the line bc’ is an adiabatic. 

It is evident from the figure that the diagram containing an adi- 
abatic compression line encloses more area (bc’da) than that having iso- 
thermal compression (bcda), and, hence, that 
more energy from some outside source will be 
required per cycle. Obviously, the isothermal 
compression is the more desirable, the work 
saved over that with adiabatic compression 
being shown on the diagram by the area cbc’. 
The higher the compression pressure the greater 
is the ratio of the work done with adiabatic 
compression to that with isothermal. 

(h) With isothermal compression the temperature of the air at c 
and 6 is, of course, the same, but during adiabatic compression it rises 
according to Eqs. (105) and (107), the final value being, 


y— 
= nfgayn— (a 
oo (Fs = T, Be PP en Rey 


Fig. 59. 


If the air with pressure P,’ and volume V,’ is cooled at constant 
pressure it will attain a volume V, when the initial temperature 7 is 
reached. This is approximately what happens in most real cases, for 
after the cooling has occurred the air is in the same condition as though 
it had been compressed isothermally. It is therefore advisable to strive 
for isothermal compression if this can be attained, or approached, with- 
out entailing greater outlay than the cost of the work area cbc’. The 
means whereby isothermal compression is approached in a real com- 
pressor will be considered later. 

If air can be used immediately after leaving the compressor, that is, 
before it has any chance to cool, then adiabatic compression may be 
desired since a given weight of air is capable of doing more work the 
higher its temperature. 


104. The Effect of Clearance.—(a) No real compressor can be 
operated with zero clearance, as there must always be a certain amount 
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of mechanical clearance between the cylinder head and the piston to 
insure safe operation, and there are always valve passages of some sort 
between the valve faces and the inside of the cylinder, which increase 
the clearance volume. 

(b) In Fig. 60 is given a conventional indicator diagram for an 
air compressor with clearance, The clearance volume is Vz = Va. At 
the end of the discharge period, the clearance contains V cubic feet of 
air at the delivery pressure P,. When the 
piston starts on the suction stroke the inlet 
valve will be held closed by this clearance 
air until the piston has moved far enough to 
allow this air to expand to suction pressure, 
according to some such process as da. 
This is known as the reexpansion period. 
When a is reached, the inlet valve will 
open and the remainder of the cycle will 
be similar to that already discussed for the compressor without 
clearance. 

(c) The net work done on the air during this cycle is 


Net Wk = area cefb — area adef, 
which, from Eq. (134), becomes 


n—1 n’—1 
12, ae IPs né 
Net Wk = Piva (5) = i|- ao aa a (Be) -1]. (139) 


If it is assumed that the compression and reexpansion curves have 
the same exponent, i.e., = n’, as is very nearly true in many cases, 
then the net work per cycle is 


u, Pressure o« 


Volume 


Fig. 60. 


n—1 


n an 0 2a 
Net Wk = Pay pa a. — v| (FF) ate i]. Oo & OF (140) 
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In Eq. (140) the expression (V, — V.) is the volume of free air 
passing through the compressor either during one cycle, or per unit of 
time, and in Eq. (141) w’ is the corresponding weight. 

(d) By comparing Eqs. (140) and (141) with Eqs. (133) and (134) 
it is immediately apparent that, on the basis of the conventional dia- 
grams, the clearance does not affect the net work delivered by a compressor 
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piston while handling a given volume or weight of free air. However, 
other things being equal, a larger clearance will be accompanied by 
increased loss due to mechanical friction, and more energy, therefore, 
will be required to drive the compressor, as will now be shown: 

In Fig. 60, although the piston displacement, PD, is equal to 
V, — Va, the reexpansion of the clearance air limits the volume Vr 
of free air handled to V; — V, and thus reduces very appreciably 
the capacity of a compressor of a given piston displacement. Hence, 
for a given capacity, a compressor with clearance must be larger than 
one without it; and, therefore, the friction losses and the cost of the 
machine will become greater as the clearance is increased. 

(e) In order to compare the clearances of compressors of different 
sizes, the ratio of the clearance volume to the piston displacement is 
used. This is often expressed in per cent and may be made inde- 
pendent of the size of the compressor. For reasons already shown 
it is desirable to keep this clearance per centage as small as possible. It 
may vary from about ? per cent in large well-designed compressors to 
5 per cent and over in small, or poorly-designed ones. 

105. Real Single Stage Compressor Diagram.—(a) The real com- 
pressor differs from the ideal in many respects, chiefly because of clear- 
ance, because the cylinder and piston cannot be made of heat-resisting 
materials, because the valves cannot be made to operate perfectly, and 
because of the leakage, friction and inertia of the air being handled. 

An indicator diagram obtained from a 
real compressor is shown in Fig. (61), super- 
posed upon an ideal one for the same 
machine, the pressure of air being supposed 
to be raised from atmospheric pressure (P31) 
to a receiver pressure equal to P2. 

=a (b) The ideal diagram is drawn for iso- 

Pia. 61. thermal expansion of the clearance air and for 
isothermal compression of the entire amount of 
air in the cylinder. In the real case it is never possible to obtain iso- 
thermal compression with a reciprocating air compressor; instead, the 
compression line falls between the adiabatic and the isothermal and is 
expressible by the equation PV” = constant, with values of n varying 
from about 1.2 in extremely favorable cases to about 1.35 under rather 
unfavorable conditions. To obtain such a curve it is necessary to cool 
the air during compression, by the methods which will be considered 
later. For present purposes it is merely necessary to note that the 
air, and therefore the cylinder walls, will become heated during com- 
pression. 
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(c) During expansion the clearance air will, in general, be in contact 
with walls which are at a higher temperature, hence it will receive heat 
during the process. Ordinarily the real expansion line for this air lies 
between an adiabatic and an isothermal, but in the average case it 
approaches more nearly to the latter. The real expansion line may then 
be assumed to have a shape and position similar to da’ in the figure. 

In the ideal compressor the admission valve would open as soon 
as the clearance pressure has decreased to atmospheric, but actually 
the pressure must drop somewhat lower to give an unbalanced pressure 
great enough to open the valve against its spring, its friction and inertia, 
and also to overcome the inertia of the air and the resistance to flow 
through the more or less restricted areas available. 

(d) After the valve is open and the air is in motion there are gen- 
erally several oscillations of the valve and the air column, as indicated 
by the. wavy suction line, after which the pressure settles down to an 
average value sufficiently below the atmospheric pressure to cause the 
inflow. The oscillation of the valve is known as “ fluttering.” 

From the fact that machines with the same piston displacements and 
the same clearance have been assumed in both cases it is evident that the 
actual volume of air in the cylinder at the end of the suction stroke must 
be the same in each case. In the real case, however, the air has a lower 
pressure than it has in the ideal, and, in general, its temperature will also 
have been raised slightly by the heated walls which are uncovered by the 
piston, thus the actual wezght present will be less than the corresponding 
ideal. 

(e) Starting at the point b’, instead of b, the air in the real case 
will be compressed according to some curve intermediate between 
the adiabatic and isothermal and the line will be therefore steeper than 
the ideal, as shown by b’c’ in the figure. 

(f) The discharge valve does not open until the pressure attained 
is slightly above that in the receiver and, after opening, it behaves 
much like the suction valve and for similar reasons. The discharge 
line actually obtained will then generally look something like c’d’ 
instead of cd. 

The discharge valve will obviously not close suddenly at the end 
of the stroke, consequently the corner at d’ may be more or less rounded, 
the exact point at which expansion of the clearance air starts being 
rather difficult to determine. 

(g) The net result of the operation of the real compressor has 
been to compress a smaller weight of air than that handled by the 
ideal machine and to require the expenditure of work in excess of the 
ideal, as shown by the greater area enclosed. 
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106. Volumetric Efficiency.— (a) One measure of the effect of clearance 
is the volumetric efficiency of the compressor. In all compressors, the 
volumetric efficiency is defined as the ratio of the volume of free air 
actually delivered per unit of time, to the piston displacement in the same 
unit of time. As the name implies, this measures the effectiveness of the 
use of the cylinder volume, and the term has no other direct significance. 

(b) The real volumetric efficiency of any actual compressor is not easy 
to obtain accurately, even though the machine is equipped for a careful 
test. Its determination requires the measurement of the air received, 
or discharged, in a given time, but usually the accurate measurement of 
the flow of large quantities of compressed air is somewhat difficult to 
accomplish. Clearly this efficiency is reduced by clearance, leakage and 
throttling, also by heating the air during admission. 

(c) Various methods of approximating the volumetric efficiency from 
the indicator diagram are often used and, as long as the result is under- 
stood to be only an approximation, it is useful. In Fig. 62 is given in 
exaggerated form a real compressor diagram with the atmospheric line 
added. If there is no change of tempera- 
ture of the working substance during suction 
and if the expansion of the clearance air 
and the compression of the mixture both 
follow the same law, the distance ef must 
measure the volume occupied by the clear- 
ance air, and fg is that occupied by the 
fresh charge when compression has _pro- 
gressed up to the point g. If it be further 
assumed that the drop in temperature from f to a’ and the rise from b’ 
to g are negligible, it may be said that the distance fg is a measure of 
the volume occupied by the charge when at atmospheric pressure and 
temperature. Then the volumetric efficiency on an atmospheric line 
basis, would be distance fg 


Pressure 


Volume 


Fig. 62. 


(142a) 


distance representing the P.D. 

In the conventional indicator diagram shown by Fig. 60, the con- 
ventional volumetric efficiency would be 

Vr =- PD or (Vo = V.) oe (Vo == Va). wees (1420) 

107. Cooling.—(a) It has been shown in preceding sections that 

isothermal compression should in general, prove more economical than 

adiabatic. It is practically impossible to attain isothermal compression 

in any real machine, but it can be more or less closely approximated 


and generally without involving excessive cost. 
(b) If a compressor fitted with a metallic cylinder is operated 
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very slowly, i.e., one or two cycles per minute, the heat generated by 
compression will be conducted away by the cylinder metal almost as 
fast as generated and in such case the compression could be made to 
approach an isothermal process as closely as desired, but it would 
involve the use of enormously large machines because of the slow opera- 
tion. Some method must therefore be used which permits of opera- 
tion at the highest feasible speeds. 

(c) If any form of external cooling, such as radiation considered 
above, is to be used the proportions of the cylinder are important. That 
cylinder which exposes the greatest surface to the external cooling agent, 
per unit volume enclosed, will be the best so far as cooling is concerned. 
This would indicate the use of cylinders of small diameter and great 
length, i.e., ‘long stroke compressors,’’ but such machines are always 
more expensive than short stroke mechanisms, consequently a com- 
mercial: limit is set to cylinder proportions adopted. 

(d) In practice a few types of compressors are cooled by radia- 
tion to the atmosphere, as, for instance, those used on locomotives 
for operating the air brakes. They are all comparatively small, are 
generally operated in strong currents of air and are at best rather 
inefficient. It is doubtful if the compression is appreciably better than 
adiabatic, the radiation serving simply to prevent overheating of the 
entire mechanism by storage of heat from cycle to cycle. 

(e) Most commercial machines are water cooled. There are three 
distinct methods of applying cooling water, two or more of which may be, 
and generally are, used on the same machine. They are:—(1) Injecting 
water into the cylinders; (2) water jacketing the cylinders; and (3) com- 
pressing in stages and using water jacketed vessels, called ‘‘ ¢ntercoolers.’’ 
between cylinders. 

(f) The iniection of water into the compression cylinder has been 
rather extensively used in Europe but not in this country. If the water 
is introduced as a solid stream but little cooling is effected, the com- 
pression curve approximating the equation PV" to PV'*" = constant; 
but with a very fine spray the cooling effect is much greater, and values 
of the exponent 7 as low as 1.20 may be obtained. 

(g) The introduction of water into the cylinder has the following 
disadvantages :—It generally increases the wear of cylinder and piston; 
the feeding devices are an almost constant source of trouble; and the 
air leaves the cylinder practically saturated with water, some of which 
precipitates when cooled in the receiver, but much remains in the air 
and later may cause trouble by freezing when the air is expanded in 
doing work. 

(h) Jacketing the compressor cylinders with water does not intro- 
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duce the difficulties considered above, but it is generally less efficient 
than water spraying unless it is very perfectly carried out. The cooled 
surface exposed to the compressed air is relatively small and heat is not 
conducted readily to these surfaces from air which is not close to them. 
Values of the exponent n equal to about 1.25 to 1.28 are generally 
attainable. 

(i) Intercooling is the term applied to the method of abstracting heat 
from the compressed air as it passes from one cylinder to another of the 
multi-stage type of compressor. This will be discussed in the next 
section. 

108. Multi-stage Compression and Intercooling.—-(a) Fig. (63) (a) 
shows diagrammatically the arrangement of a two-stage ideal com- 
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Ira. 63.—Diagrammatic Two-stage Com- Fia. 64. 
pressor, and Conventional Diagrams. 


pressor of this type. Assuming no clearance, the conventional indicator 
diagram for the first stage is shown in Fig. 63 (6), and that for the 
second stage in Fig. 63 (c). In Fig. 64 are shown the two diagrams com- 
bined with the same pressure-volume coordinates,—a construction often 
used in studying the actual indicator diagrams of multi-stage com- 
pressors. 

The air is compressed to an intermediate pressure in the first stage 
and then passes through the intercooler on its way to the second stage. 
The intercooler is an efficient heat interchanger in which cold water 
passes through a large number of tubes around which the air is flowing. 
The design of the intercooler is such that the pressure of the air drops 
only very slightly in passing through it. In the ideal case, the delivery 
pressure of the first stage is taken equal to the suction pressure of the 
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second stage, which completes the compression to the desired receiver 
pressure. 

(b) In Fig. 64 it is apparent that the intercooling is very effective, 
as the air is cooled from ¢, to ¢,, its original temperature. With warm 
circulating water, this would not be accomplished, but, on the other 
hand, with very cold water, it would be possible to undercool the air 
so that its temperature entering the second stage would be lower than 
atmospheric temperature. 

Due to the water jackets on the cylinders, the compression line in 
each stage may be assumed to lie between the adiabatic and isothermal, 
hence the area abcdgi represents the net work done on the air. Without 
the intercooler in operation, the area of the combined cards would be 
abegi, and the area bedc thus represents the very appreciable saving in 
work done by the compressor pistons due to intercooling. 

If the receiver pressure is high enough so that the saving will pay 
for the added complication, more than two stages may be employed. 

(c) The disadvantage of multi-staging is the added equipment that 
is necessary. In addition to the intercooler and the high pressure 
cylinder of the two-stage compressor there is the low-pressure cylinder 
of nearly the same size as for the single-stage compressor of the same 
capacity. In general, if there were no clearance, leakage or throttling, so 
that the volumetric efficiency would be 100 per cent, the first stage of the 
multi-stage compressor could operate alone to deliver air at the receiver 
pressure and its capacity would be the same as the capacity of the multi- 
stage compressor running at the same speed. However, dividing the 
compression up into several stages and intercooling has a markedly 
beneficial effect upon the volumetric efficiency of a compressor for two 
reasons :— 

First, since the temperature range in the low-pressure cylinder 
(1st stage) is reduced, the air is heated somewhat less during the suc- 
tion stroke, hence a slightly greater actual weight will enter the cylinder 
than would be the case in a single cylinder operating between the extreme 
pressure limits. But, this effect is very small when compared with the 
other. 

Second, less weight of air remains in the clearance of the low-pressure 
cylinder because the discharge pressure from that cylinder is lower 
than with a single-stage compressor, which would be of the same size 
and have the same clearance volume. This will be made clear by Fig. 65 
in which the idealized diagrams of a three-stage compressor with clear- 
ance are abcd, a’b’c'd’ and a’’b"c’’d’’. It will be observed that the 
expansion of the clearance air in the low-pressure cylinder decreases the 
volume of the fresh charge by the small amount V,— Va; whereas 
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if the cornpression had all been carried out in this one cylinder the clear- 
ance air at pressure p, and volume V, would have expanded to a volume 
V;, at the suction pressure p,, thus decreasing this charge by the very 
large amount V;— Va. This serious loss is one worth preventing, if 
commercially feasible. The improvement in the volumetric efficiency 
due to multi-staging is usually sufficient to offset the ill effects of added 
complication, for the actual multi-stage compressor will have a greater 
capacity than would the first stage operating alone. 

It is obvious from the diagrams and preceding paragraphs that the 
larger the total pressure range, the greater in every way will be the 
advantages of multistage compression. 

(d) For pressures less than 50 lb. per square inch, gage, reciprocating 
compressors are usually built single stage. Two stages are commonly 


Fig. 65. Fic. 66. 


used for pressures from 100 to 150 lb. per sq. in., and three-, four- and 
even six-stage machines are sometimes used for very high pressures. 

(e) The differences between the actual diagrams and the ideal 
ones of each cylinder of a multistage compressor are similar to those 
which have been discussed for the single-stage compressor. When 
superposed they look something like Fig. 66, in which the atmospheric, 
intercooler, and receiver pressure are indicated by horizontal dash lines. 
In each case the air is drawn into a cylinder at a pressure below that at 
which it exists outside of the cylinder and is discharged at a pressure 
higher than that maintained in the vessel receiving the air. This 
results in an overlapping of the areas in the center of the diagram, giving 
two loops, A and B, which very evidently represent work lost in forcing 
the air from one cylinder to the other. 

(f) The better the action of the valves and the larger the passages 
through pcrts, intercooler, pipes and such, the smaller will the areas of 
these loops become, the upper and lower lines tending to become coin- 
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cident. In very well-designed compressors this lost work is so small as 
to be almost if not quite indeterminate. If large clearance is permitted, 
then liberal valve areas become possible so that the compressor may run 
at higher piston speeds without serious throttling losses. In this 
regard the larger clearance permits a smaller and cheaper machine, 
hence the designer has to use a clearance volume that is a compromise 
between the extremely large and small ones. 

109. Typical Arrangements.—(a) Compressor plants and_ their 
equipment may be arranged in many different ways. Fig. 67 shows one 
typical layout. In this there is a two-stage compressor with cylinders 
in tandem and with one type of intercooler between. The method of 
driving the compressor is not indicated. Steam engines or electric 
motors are ordinarily used for this purpose. 

(b) Between the compressor and the receiver is shown an aftercooler. 
This is arranged similarly to an intercooler, and is placed between the 
compressor and the transmission line. Its object is to cool the air suf- 
ficiently to precipitate most of the moisture in it, in order to avoid 
trouble from freezing in the pipe lines and tools. It is provided with a 
drain for removing the moisture that collects. The re¢eiver is also 
provided with a drain, and has a safety valve and pressure gage. 

(c) Reciprocating compressors are generally designed to be double 
acting, unless excessively high pressures (say over 500 Ib. per square 
inch) are involved. Ordinarily there are no unusual difficulties to be 
overcome in accomplishing this, and the consequent reduction in size, 
weight and cost make the double acting type the preferable one. The 
valves of a compressor should have liberal passage areas and should 
open and close rapidly so as to offer little resistance to the flow of the air. 
They should be so located that the passages between them and the 
cylinder will be as small as possible in order to minimize the clearance 
space. Some valves are mechanically actuated, like the Corliss valve 
shown in Fig. 67; others are opened automatically by the difference in 
the pressures on their opposite faces, and are closed in a similar manner, 
assisted by weak springs. Light-weight automatic valves of the plate 
and poppet types are also illustrated in the figure. 

(d) There are many different arrangements of cylinders and pistons 
possible in multi-stage compressors, the two most usual ones being the 
Tandem and the Duplex. In the first, one cylinder is placed behind the 
other, the pistons being on the same rod, as in Fig. 67. In the second, 
the cylinders are side by side as in Fig. 68. This latter figure also illus- 
trates the application of a motor drive. 


110. Blowing Engines.—Blowing engines, or blowers, are similar 
to reciprocating air compressors in principle, but they are generally 
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built to handle relatively very large quantities of air at. comparatively 
low pressures, say 10 to 20 lb. per square inch above atmosphere. 
Comparatively little attention need be given to cooling under such 
conditions because the pressure is so low that very little work can 
be saved by such means. Moreover, the compressed air is generally 
heated before being used, so that any cooling during compression 
would call for an expenditure of heat to raise the temperature imme- 
diately afterward. 

Because of the large volumes of air to be handled considerable dif- 
ficulty is generally met in designing efficient valves, particularly if 
operated at high speeds. As a 
result there are many different types 
of both inlet and discharge valves 
in use, some operating automatic- 
ally under the action of springs and 
air pressure, some mechanically 
controlled and some partly autc- 
matically and partly mechanically 
operated. 

Blowing engines are used to py, 68—Duplex Compressor Driven 
supply air for blast furnaces, and by an Electric Motor. 
are therefore usually driven by gas 
engines, as the furnaces furnish more than enough gas for this purpose. 


111. Lubrication and Explosions.—In lubricating reciprocating com- 
pressors it is desirable to use very sparingly a high-grade oil. If too 
much oil, or an unsuitable kind, is used, it increases the danger of having 
disastrous explosions in the receiver and pipe lines. It appears probable 
that the lubricating oil used is decomposed thus yielding highly explo- 
sive gases when mixed with the compressed air. The most effective 
remedy thus far proposed seems to be the use of an arrangement of 
receiver from which the gases and vapors are continuously swept, 
thus preventing the accumulation in pockets, or strata, of explosive 
mixtures of oil vapor and air.® 


112. The Centrifugal Compressor.—(a) In principle the centrifugal 
compressor, or turbo compressor, is similar to the centrifugal pump. . 
In each case the machine consists of a number of impellers rotating at 
high speed inside a suitable casing, as in Fig. 69. The fluid enters the 
impeller with a definite pressure, temperature and velocity. As a 
result of the rapid rotation the fluid leaves the impeller with an increased 


3 See “The Prevention of Explosions in Air Receivers,” by William F.. Parish and 
William B. Smith Haley in “Power,” June 30, 1925, p. 1948. 
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pressure, temperature and velocity. It is desirable to convert as large a 
part of this velocity head into pressure head as possible, and stationary 
vanes, called diffusers, are often used for this purpose. They are so 
made that the fluid will be received from the impellers and pass 
through them with a minimum amount of turbulence. From the 
diffuser the gas is led by an S-shaped passageway to the entrance of 
the next impeller. 

(b) In the case of the centrifugal pump the fluid is nearly incom- 
pressible and hence there is very little change in its temperature or spe- 
cific volume. However, with centrifugal compressors the fluid is com- 
pressed to a small fraction of 
its original volume and con- 
sequently there is a_ large 
increase in its temperature, 
unless it is cooled very effect- 
ively by some special means. 

(c) For the same reasons 
as previously given, it ls 
desirable to cool ‘the air during 
compression, and this should 
fic. 69.—Multistage Centrifugal Compressor. be accomplished by the 

simplest means possible. It is 
asually done by water jackets surrounding the diffusers; and in the case 
of the multi-stage type, intercoolers are placed between certain groups 
of stages. 

(d) The number and size of impellers used depend upon the amount 
of air to be handled, the pressure desired and the speed at which the 
compressor is to operate. Often centrifugal compressors are run at 
very high rotative speeds by means of steam turbines, or by electric 
motors with speed increasing gears. This combination gives a unit of 
extremely small size compared with a reciprocating compressor of the 
same capacity, especially when handling large volumes of air at low 
pressures. This class of work is the one for which the turbo-com- 
pressor is best suited, but this type of compressor is sometimes used for 
pressures as high as 100 or even 150 lb. per square inch. 

(e) Since there are no valves in the turbo compressor the fiuid 
flows through it, when operated at constant speed, in accordance with 
the conditions given in Sect. 43 for steady flow. Hence, 
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Then, if w = weight of fluid flowing through compressor, in lb. per sec. 
w; = weight of jacket water used, in lb. per sec. 
te = temperature of jacket water entering, 
t) = temperature of jacket water leaving, 


and the other notation as given in Sect. 44, it follows that, for any fludd, 
the horsepower to drive the compressor is 


WwW 


hp. = o707 


V9” a v1 2 — #1 
| (hi hi) + 9 Sc778 + F78 | 


+ [wj(to — t-) + R.]/0.707. . (148) 
(f) If the fluid flowing through the compressor be any gas that obeys 
ciosely the laws of an 7zdeal gas, such as air at the usual compressor tem- 


perature, then, from Eq. 55b, he — hi = cp(t2 — ti). Hence, for such 
gases, it follows that horsepower to drive the compressor is 


Io? = v1 


fa W ed ; 7) (By > eI 
pee = pHT| oe 4) + 59,000 | 778 


ele = eur O 707 Cad) 


Usually 21 and z2 are nearly equal, and R, is relatively very small, so 
they are often ignored. Frequently the velocity term in the above 
equation is also small and it is often neglected because the value of 
weight may not always be measured accurately enough to justify the 
inclusion of such an insignificant term. 

113. The Air Engine.—(a) Compressed air is used commercially 
in many different ways but most widely in engines for the production of 
power, the air serving as the working substance. At first sight it seems 
an uneconomical method of producing power as the air compressor must. 
be driven by an engine or motor of some sort which apparently might 
better be used directly to produce the power desired, rather than to 
suffer the additional losses incurred in a compressor and in utilization 
of the compressed air in a second engine. 

(b) Such reasoning is generally sound for conditions where the 
desired power can be conveniently generated at the point of utilization 
by a prime mover. There are, however, many cases where this cannot 
be done. Where a number of small engines are to be operated at widely 
scattered points and where electrical motors are not suitable, com- 
pressed air engines find a field to which they are admirably suited. 
Compressed air can easily be transmitted over great distances without 
serious loss. Steam, on the other hand, cannot be efficiently trans- 
mitted very far because of the resulting condensation; and more 
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than this, steam engines of small size are very inefficient, and the 
high temperature at which they operate renders them unsuitable when 
handling is required. The working substance of internal combustion 
engines can be transmitted as easily, if not more easily, than compressed 
air, but the complicated valve and ignition mechanisms, the high 
temperature and the hot noxious exhaust gases make them less desirable 
than compressed air engines for a number of purposes. Compressed 
air is more suitable for many kinds of work with small motors than is 
electricity, because the air can be conveyed by pipe or hose over all sorts 
of construction work with a minimum amount of labor and expense and 
with no danger from fire. 

(c) Thus, compressed air engines are widely used in mining and quar- 
rying operations and for the driving of small portable tools in shops and 
such. In Paris there is installed a central compressor station which 
distributes compressed air, much as-gas is distributed in this country, 
and air is used by the consumers for operating small plants just as 
electricity is used here. 

(d) The indicator diagram of an ideal air engine, which is without 
clearance and is provided with sufficient piston displacement to allow the 
complete expansion of the air, is shown by 
Fig. 70. During the period /—2, high pres- 
sure air is admitted from the pipe line to 
the cylinder. During 2-3, the weight of 
air so admitted is allowed to expand, accord- 
ing to the law PV"”=a constant, to atmos- 
pheric pressure, ps. Then the return 
stroke of the piston exhausts the air from 
the cylinder, at constant pressure, according 

Fic. 70. to the process 3-4. 

The enclosed area 1234 measures the 
net work done upon the piston, during the engine cycle, by the 
weight of air involved. Summing up the work done by the air during 
the processes of the cycle, this net work amounts to 


PeV2 — P3V3 
n—1 


Wki234 P2V2o+ — P3V3 


n—1 


eee: jwoRT | 1 — (=) | =k ela) 


(e) Although air turbines, or turbine tools, may permit the com- 
plete expansion of the air, reciprocating engines are designed for incom- 
plete expansion, or for no expansion whatever. Incomplete expunsion 
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would be represented by the indicator diagram 12564 in Fig. 70. It is 
obvious that, for the same weight of air admitted, the net work done per 
cycle is less, by an amount represented by the area 5 36, than if the 
air had expanded completely. However, the piston displacement is 
reduced from Vz to Vg and the resulting reduction in frictional losses 
in the actual engine will counter-balance to some extent the net work 
that is lost due to the incomplete expansion. Another factor in favor 
of the incomplete expansion is the reduced cost of the machine due to 
the reduced piston displacement. Again referring to Fig. 70, it is evi- 
dent that the net work done by the air per cycle amounts to 


P2V2— PsVs 


Wkiese4 = P2V2 + =a 


— PoVee es ae) 


(f) An engine whose indicator diagram is represented by the area 
1274 in Fig. 70 obviously makes no use whatever of the expansion 
of the air within the cylinder and operates on the non-expansion cycle. 
Such an engine, or tool, is characterized by very poor economy in the 
use of the air supplied, but has the advantage of developing the max- 
imum power per unit of piston displacement and of weight. The net 
work of this cycle is, as seen from Fig. 70, 


Whkis7a: = (Pe PAV 20 ek ws 6 ey 64D) 


(g) One of the most important applications of compressed air is 
found in air tools, such as chipping hammers, riveters, drills, ete. 
They usually operate on the non-expansion cycle because they must 
be of relatively light weight and portable, cheap in first cost, and simple 
in construction. Their small size and intermittent operation also reduces 
the necessity for high economy. The other cycles of operation are 
important, however, because economy is an important item in some 
services in which the air consumption is steady and of considerable 
magnitude. 

(h) In practice, the air generally enters an engine at about atmos- 
pheric temperature, and during the actual expansion it becomes cooled, 
in some cases to such an extent that the moisture in it freezes and leads 
to difficulties. The temperature decrease in any real engine will not 
be equal to the adiabatic, because heat will be supplied to the engine 
cylinder from the surrounding atmosphere and will tend to make the 
expansion somewhat more nearly isothermal. If the engine could be 
operated with extreme slowness the expansion would very closely 
approach a true isothermal. 
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(i) This approach toward isothermal expansion is advantageous, 
when using air at about atmospheric temperature, for the following 
reasons: 

(1) It tends to prevent the deposition, in the form of ice, of the 
moisture accompanying the air, thus tending to prevent the resultant 
troubles with lubrication and stoppage of valves and passages. 

(2) It increases the work made available, as the area under an 
isothermal expansion is greater than that under the steeper adiabatic 
between the same two pressures. 

(3) It increases the mechanical efficiency of the engine by keeping 
the lubricating oil at a higher temperature. 

(4) It reduces by a very small amount the weight of air required 
per cycle as there is less tendency to cool the entering air. 

(5) It permits the use of a slightly smaller machine for the same 
output. ~ 

(j) It is interesting to note that, from the viewpoint of the conserva- 
tion of energy, isothermal operation is not as advantageous as adiabatic. 
The object of using the air expansively is to utilize some of the internal 
energy of the working substance which enters the engine. If the expan- 
sion is isothermal no work can be done at the expense of such energy; 
on the contrary, heat equivalent in quantity to the work done during 
the expansion period must be supplied from an external source. With 
an adiabatic expansion, however, all of the work done during such an 
expansion will be at the expense of the znternal energy of the 
gas. 

The apparent discrepancy between these two cases is due to the 
fact that during the isothermal expansion it is assumed that the required 
amount of heat is supplied from the atmosphere, and that it costs 
nothing, and may, therefore, be freely used without decreasing the com- 
mercial efficiency of the process. 

(k) Air engines are found to operate more quietly, and therefore 
more satisfactorily, when the exhaust valve closes before the end of the 
stroke, thus trapping some air which is then compressed into the clear- 
ance. Such operation causes a loss of diagram area and therefore a 
loss of work from a given size of cylinder running at a given speed. It 
may, however, result in a saving in two ways in the amount of air used 
per horsepower hour: 

(1) When compression is not used, the air admitted must first be 
mixed with that in the clearance until the full admission pressure is 
attained; after that, the entering air becomes available for driving the 
piston. 

(2) Compression tends to raise the temperature of the walls, eyl- 
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inder head and piston and thus to decrease the cooling effect upon the 
incoming air. 


114. Preheating.—(a) In most cases, compressed air engines and 
the compressors supplying the working fluid are generally widely sep- 
arated. It has already been shown that so far as the compressor is 
concerned the cooler the air the better. A cool supply means a larger 
capacity for a given machine and efficient cooling during operation 
means a smaller amount of work required. Cool air is also advanta- 
geous for the “receiver,” or storage tank, and for the pipe line carrying 
the air to the engine, since the cooler the air the smaller can these parts 
be for a given weight of air. 

(b) Conditions are, however, quite different so far as the engine 
is concerned. The warmer the air, within reason, the better. 

If the compressed air could be heated at constant pressure before 
entering the engine, it would expand according to Charles’ law. A 
given volume of heated air admitted to the engine would represent a 
smaller actual weight, but would be able to deliver the same amount 
of work as a larger weight of colder air, and there would be the added 
advantage that there would be less danger of the moisture freezing at the 
end of expansion; also the friction losses in the reciprocating air engine 
will be considerably reduced because of the higher temperature of the 
cylinder oil. 

(c) Such heating of the air is known as “ preheating ” and the devices 
in which it is effected are called “ preheaters.”” It is actually used in 
places where the transmission piping is of great length and also where 
the engine units are few and of large size. It is found in practice that 
the running expense for the fuel supplied for preheating is less than the 
extra charges against the larger compressor and pipe line which would 
otherwise be used. 


115. Air Turbine Tools.—Recently there has been developed a line 
of compressed air tools operated by air turbines, instead of by recip- 
rocating engines. They are particularly well suited for applications 
requiring high rotative speed, such as drills, or grinders. They possess 
the advantage of light weight, simplicity and no vibration. urther- 
more, their air consumption is relatively low, due to the fact that the 
air is used expansively in the nozzle, even though the turbine may be a 
very small one, such as would be used for small tools. After long use 
these turbines may have the same air consumption as originally, since 
the wear does not affect the parts between which leakage may occur. 


116. Performance of Air Compressors.—(a) For reciprocating com- 
pressors the indicator diagram taken from any actual machine enables 
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the indicated horsepower to be obtained when the compressor is han- 
dling a known amount of air, usually measured in terms of the volume 
of free air per minute. The horsepower calculated for this same 
amount of air, with isothermal compression, and for constant suction 
and delivery pressures, is called the zsothermal horsepower. 'The ratio 
of the isothermal horsepower to the actual indicated horsepower is com- 
monly designated as the efficiency of compression, or compression 
efficiency. Clearly the compression efficiency will be decreased by 
leakage and inefficient cooling. 

(b) The mechanical efficiency of the compressor is the ratio of the 
ich.p. of the air cylinders to the horsepower required to drive it. The 
air i.h.p. includes the power used in overcoming the flucd friction due to 
the resistance of valves and passages. The power needed to drive the 
compressor exceeds the air i.h.p. by the amount absorbed in mechanical 
friction. . 

(c) The product of the mechanical efficiency and the compression 
efficiency gives the true measure of the performance of the compressor 
and may therefore very properly be called the compressor efficiency. 

(d) The overall efficiency, or the overall csothermal efficiency, is the 
term that most owners of compressors are usually interested in, because 
it represents the ratio of the isothermal horsepower of the compressor 
to the horsepower supplied by the engine, turbine, or motor used to 
drive the machine. This term includes all mechanical losses in the 
mechanism used for transmitting this power to the compressor.* In the 
case of the steam-driven reciprocating compressor it has been common 
practice to take the i-hp. of the steam cylinders as the input to the 
compressor, whereas, strictly speaking, the mechanical losses of the 
steam end should be deducted in order to obtain the true input to the 
compressor. 

(e) The overall adiabatic efficiency is sometimes used as a standard 
when comparing the performances of compressors, especially centrifugal 
ones. The term has the same meaning as the one defined in the pre- 
vious paragraph except that the air horsepower is calculated for adiabatic 
compression instead of isothermal. 

(f) An indication of the magnitude of the losses occurring in a 
modern centrifugal air compressor is shown in Plate V of the Ap- 
pendix. The American Society of Mechanical Engineers’ Test Code 
for Displacement Compressors and Blowers, and the Code for Centrif- 
ugal and Turbo Compressors, are recommended for use when com- 
mercial tests are involved. 


4 Tf this mechanism could have an efficiency of 100 per cent the overall efficiency 
would then equal the compressor efficiency. 
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CHAPTER XI 
GAS CYCLES 


117. Definition of a Cycle.—(a) If a given quantity of a working 
substance be used in any kind of an engine so as to obtain all the work 
possvole under given circumstances, the same amount of work cannot be 
again obtained under the same circumstances unless the substance is 
first returned to the same inztial condition. Thus a pound of water 
falling a given distance will develop a certain amount of work, and 
that work will be the greatest obtainable under the circumstances when 
the water falls to the lowest possible point. To develop again the same 
amount of work with the same pound of water, it must first be raised 
to the height from which it originally fell. Or, similarly, if one pound 
of gas does work by expanding adiabatically from a temperature 7; toa . 
temperature J'2, which is the lowest possible under the conditions, it 
cannot again do the same amount of work in the same way until its 
temperature is again raised to the initial value 7). 

(b) In order to deliver work continuously, as is generally required, 
there are obviously only two possible methods of operation: either 
(1) the working substance must be periodically returned to its initial condi- 
tion, or (2) new quantities of working substance must be supplied at 
regular intervals. The latter is the simpler and is often used, but it is 
not Nature’s method. If man uses falling water to develop power and 
allows the water to run to waste at the lower level, Nature immediately 
begins to lift it by evaporation due to the sun, hence sooner or later it 
will be again available. If man burns carbon in air, getting hot CO2 
and Ne, and then, after obtaining work by lowering the temperature, 
discharges the gas as useless, Nature through the agency of plant 
growth decomposes the cold COz into C and Os, after which they can 
again be combined to evolve the same amount of heat energy as before. 

Thus, without man’s agency, all working substances periodically 
return to the same starting conditions, that is, pass through cycles. 

A cycle zs any scrics of operations which periodically brings the work~ 
ing substance back to i’s initial condition. 

It is customary to speak of Open and Closed Cycles, but there are 
really no open cycles in engineering. If the engineer carries a working 
substance through any scries of changes which does not return it to 
initial conditions, Nature kindly closes the cycle for him. 

161 
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(c) One difficulty here confronts the beginner: Experience shows 
that it requires at least as much energy to pump water between levels 
as can be obtained from it in flowing down again; this being true, how 
is man to obtain available work from a substance if equal work has to 
be done to raise the material to starting conditions? There are two 
solutions which amount to the same thing in the end: 

1. Allow Nature to do the pumping, or 

2. Imitate Nature in finding some way of pumping that does not 
require the expenditure of the useful form of energy which has been 
obtained from the cycle. 

When a heat engine is used, heat energy is available but mechanical 
energy is sought. Most of the methods in use for returning the working 
substance to initial conditions in such cases depend upon the use of a 
small amount of the generated mechanical energy and a large amount 
of the available heat energy, obtained by burning some kind of fuel for 
this purpose; or, they employ some group of processes which are the 
substantial equivalent of this. 


118. Method of Analysis of Any Cycle—There are many varieties 
of heat engine cycles, but regardless of the working substance, or the 
particular kinds of processes making up the cycle, there are always the 
same fundamentals involved in the analysis of any ideal cycle. 

(a) Heat ts supplied, from some outside source, to the working 
substance during one or more processes. This heat, which it is con- 
venient to designate by Qi, is the only supply of energy received by the 
working substance from any source outside of the engine. 

(b) During certain parts of the cycle it is necessary to reject heat 
from the working substance to some outside body that is at a tempera- 
ture low enough to absorb it, just as water is rejected from a water wheel 
at the tail race, at low elevation, after it has given up some, bué not all,} 
of its energy to the wheel in passing through it. Let the heat rejected 
per cycle be represented by Qo. 

(c) The cycle considered, being an ideal one, an ideal heat engine 
is involved. This means that there is no loss by leakage, none by 
any kind of friction of the fluid or mechanism, no radiation, conduc- 
tion or convection losses of heat, and no loss by free expansion or 
turbulence. In other words, all compressions and expansions of the 
working substance except those in which Qi, Qz, or regenerators,? are 

‘Tn fact it is very common for this same rejected water to give up more energy 
in passing from the tail race to the sea than it gave up to the water wheel in passing 
through it; but such energy as may be obtained from the water after leaving the 


water wheel is not available for use in this wheel at the particular location under con- 
sideration. 


2 The explanation of regenerators will be given later, in Sect. 125. 
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involved must be reversible adiabatics. All processes are considered 
to take place in such a manner that the working substance is in equi- 
librium and the curves representing these processes may therefore be 
drawn on any diagram, such as the PV and T¢. 

(d) From the law of the conservation of energy, combined with 
(a), (b) and (c) above, it must follow that the difference between the 
heat supplied and the heat rejected during the ideal cycle represents the 
amount of heat transformed into mechanical energy, or the net work of the 
ideal cycle, which may also be spoken of as the “available energy”’ as it 
means the energy available for doing work in an ideal engine operating 
on the specified cycle. The symbol, Wk;, will be used to represent the 
net work of the ideal cycle, hence 


Wi Oi OS 2 oe, 2 ee CAS) 


(e) The efficiency of an ideal engine is always expressed by the ratio 
of the net work of the cycle to the heat supplied during the cycle. This 
defnition follows from the basic conceptions of efficiency, and of heat 
engines. Efficiency is a general term used by engineers to express the 
ratio of useful return to expenditure. When dealing with ideal engines 
both of these terms refer only to energy, because such engines can never 
be built and their cost cannot therefore be a factor, although in real 
engines to approach the ideal, one of the big factors involved is the cost 
of making, maintaining and operating such a machine. Since the heat 
engine is a machine to transform into useful mechanical energy as much 
as possible of the heat supplied for the purpose, it must follow that the 
efficiency of the ideal engine, or the efficiency of the ideal cycle is 
oe Qt We ong, 02 
a ae oy Qr 


Clearly this equation shows that for high cycle efficiency the ratio 


Ci 


(149) 


Qe 
Qi 
must be made as small as possible. The best way of doing this, for 
different types of engines operating under a variety of conditions, con- 
stitutes a very important problem that is best approached by the begin- 
ner by analyzing a number of cycles that are used as ideals for comparison 
when considering the results obtained from real engines. 

(f) The pressure-volume and the temperature-entropy diagrams are 
always of great assistance in making the analysis of a cycle. As an 
illustration, consider any cycle, such as abcd in Fig. 71(a) and (b), which 
may be drawn as soon as the processes constituting the cycle are defi- 
nitely specified. Applying the principle established in Sect. 40, it fol- 


(@ 
lows that, during processes ab and be, { b Pdv = area abcef, which 
a 
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represents the total positive work done on the piston by the working 
substance during the entire cycle. Throughout the remainder of the 
cycle, processes cd and da, the piston is doing work upon the gas; hence 


a 
fe Pdv = area cdafe. Thus, the net work delivered to the piston during 
Cc 


the entire cycle is the difference of these two areas, or abcda. 

Similarly, applying to the T¢-diagram of Tig. 71(b) the principles 
given in Sect. 53, it follows that the heat addition must occur during the 
processes ab and be, as it is only during these that the entropy of the 
working substance is increasing; and that heat abstraction takes place 


Cc 
only during the processes cd and da. In other words, Q1 - {i Td¢ 
a 


a 
= area abemn, and Qe = if d Tdd = area cdanm. Consequently the 
Cc 


difference, Qi — Qe, or the net area abcd on the T¢-diagram, must be 
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the amount of heat that is transformed into work during the cycle. 
Observe that, on the 7'¢-diagram, the areas representing Q; and Q2 must 
extend down to absolute zero of temperature. 

(g) It is important to note that, in general, the value of the heat 
supplied during an entire cycle is very different from the positive work 
done during the same cycle. In other words, the heat represented by 
the area abemn on the T'¢-diagram is usually larger than the heat equiva- 
lent of the area abcef on the PV-diagram. Consequently, when express- 
ing the efficiency of a cycle by means of a ratio of areas, these areas 
should be taken on the T'¢-diagram. Thus, for the cycle shown in Fig. 
71(b), the efficiency = area abcda + area abcmna,—which may be 
quite different from area abcda + area abcefa in Fig. 71 (a). 

119. The Carnot Cycle for Gases.—(a) This cycle, named from 
Sadi Carnot, the man who in 1824 first investigated it, represents the 
best that can possibly be done in the conversion of heat energy intc 
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mechanical energy.® It cannot be carried out in any actual engine, but 
it is of great value as a criterion of the maximum result approachable. 

(b) For performing such a cycle with gas, in addition to having the 
working substance, it is necessary to have certain apparatus, specified 
below. The working substance may be any gas far enough removed from 
its point of liquefaction to obey the laws already developed for gases. 

The necessary apparatus is shown in Fig. 72 and may be described 
as follows: 

U is a body at high temperature 71 and so arranged that this tem- 
perature remains constant despite withdrawal or addition of heat 
energy. An ordinary furnace with a 
controllable fuel and air supply ap- 
proximates these conditions. Similarly, 
a hot liquid enclosed in a large, 
tight vessel under high pressure will 
give off a considerable amount of heat 
with only a very small drop in tem- 
perature. The body U will hereafter 
be called the Hot Body. Ape 4b 

X is a body at temperature T2, 
lower than Ti, and this vemperature Fia. 72.—Machinery of Carnot 
T2 remains constant despite addition Engine. 
or removal of heat energy. <A vessel 
jacketed with flowing water at temperature 72 would approximate these 
conditions. The body X will hereafter be called the Cold Body. 

Y is a cylinder, Z is a removable plate which may be used to cover 
the end of the cylinder, and Y2 is a frictionless piston. These parts are 
made of material that will neither absorb nor conduct heat. Yj, is a 
cylinder head made of material that offers no resistance to the flow of 
heat. 


Operation of Carnot Engine 


(c) Imagine, first, that w pounds of gas are inclosed in the cylinder 
Y in condition a, as shown at a in Fig. 73(a) and (b), T. being equal 
to 71, the temperature of the hot body. 

(1) Remove cover Z, apply the hot body to the conducting head 
Y,, and allow the gas to expand isothermally to some lower pressure P». 
When this pressure has been reached the volume will have become Vy 
and the entropy has increased by the amount Ag. as shown. The 
necessary heat supply, Qi, must have come from the hot body and is 

3’ This statement must not be interpreted to mean that no other cycle can do 


as well; it means only that no other cycle can-do better. It will be shown later 
that there are a number of ideal cycles equally efficient as energy transformers. 
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represented by the area abmn, since ab is the only process during which 
heat is supplied. 

(2) Next remove the hot body, apply the nonconducting cover Z, 
and allow the gas to expand by a reversible adiabatic until its tempera- 
ture has dropped to 7’, equal to 72, the temperature of the cold body. 
The gas will then be in the condition represented by the state c as 
shown by each diagram. 

(3) Again remove the cover Z, then apply the cold body X, and 
drive the piston back, compressing the gas isothermally to some higher 
pressure Pa whose value will be considered in the next paragraph. 
Since the temperature of the gas is to remain constant at 72 during 
the compression from c to d, heat must be absorbed by the cold body 
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Fig. 73.—The Carnot Cycle. 


from the gas at the same rate that work is done upon the latter during 
this period. As this is the only period during which heat is abstracted 
from the working substance, Q2 must be represented by the area cdnm. 

(4) For the fourth and completing operation, remove the cold body, 
replace the nonconducting head Z, and drive the piston back, compress- 
ing the gas by a reversible adiabatic until its temperature has again 
risen to that of the hot body, which was the starting temperature of the 
cycle. To close the cycle, the pressure and volume must return to 
P,and V. when 7) is reached. This can only be attained if the iso- 
thermal compression is stopped at such a point d that the subsequent 
isentropic compression will return the gas to the starting condition, a. 


Analysis of the Carnot Cycle 


(d) The area abceha represents work done by the gas, while the 
area cdahec represents work done upon the gas. The net work resulting 
from one cycle is shown by the inclosed area abcd. If the pressure is 
plotted in pounds per square foot and the volume in cubic feet, the net 
area abcd will be in foot-pounds. 


THE CARNOT CYCLE FOR GASES 


157 


Note that this cycle consists of two isothermals joined by two isen- 


tropics. 


the isothermal 72 is a compression with ratio 


The isothermal 7 is an expansion with ratio 


ratios must be equal because, by Eq. (105), 


and 
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The mathematical expression for net work done per cycle can be 
obtained by using the formulas already developed for reversible iso- 
The results are tabulated below. 


thermal and adiabatic processes. 


Heat Received by the Gas Work Done by the Gas 
Process Curve 
In B.t.u. Area In Ft.-Lbs. Area 
eae ab WART loge r abmn wRT loger abgh 
xpansi 
Adiabatic wR 
E : be 0 0 iy 15) beeg 
xpansion all 
cen oe cd — wART? loger —dcmn —wRT?. loger — dcef 
ompressio 
i i R 
ats ae 0 0 ic, aeeee ye = Se) —adfh 
ompression Sieal 
Heat Transformed Net Work Done 
Cyel bed wAR(T; — T2) loger abcd on wR(T; — T2) loger abcd on 
CatmoviCyele aoe . Eq. (150a) | T¢-diagram ... Eq. (1506) | PV-diagram 


(e) The efficiency of the Carnot Cycle may be derived very readily in 
three ways as follows: 


Eff. 
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wART log. de 
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; (15la) 


or, expressing the heat supplied and the net work in foot-pounds, 


Eff. = 


Net Work _ 
Heat Supplied — 


wR(T1 = T2)log. r 2 T ae 


ii 


wRT log. r 


Pp: 


(151b) 
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or, referring to the 7'¢-diagram of the Carnot Cycle, which must always 
be a rectangle for any working substance, since it is always composed of 
two isothermals and two isentropics, it follows that 


Eq. = 2 abed — (T1 — T2) (6s — ba) _ Ti — Te 
* area abmn T1(¢s — ¢a) ct halen 


(151c) 


Objection is often made to the expressions of efficiency just developed 
because it seems as though the engine ought to be credited with the heat 
given to the cold body. The fallacy of this appears when it is under- 
stood that the heat given to the cold body leaves the engine at a low 
temperature, T2, whereas to operate the engine heat must be available at 
a high temperature T;. The heat rejected to the cold body could not, 
therefore, be directly used again in the same engine, and hence mechanical 
engineers have agreed to consider the heat rejected to the cold body as 
wasted as far as the engine is concerned. 

To make this heat available again for use in the same engine, it would 
have to be returned to the engine by way of the hot body at the tem- 
perature 71, but experience shows that heat will not flow of its own accord 
from any body to one at a higher temperature. From the discussion which 
follows, it will be seen that at least as much mechanical energy would be 
consumed in causing such a flow as could be obtained by using this heat in 
a heat engine. It will be discovered that this is all in accord with the 
Second Law of Thermodynamics. 

The case is analogous to that in which water leaving a water wheel 
is pumped again to the original height in the attempt to utilize the 
energy still possessed by the water when leaving the wheel. Obviously, 
in this case the energy leaving the wheel with the effluent water is of 
no further use to that particular wheel, and exactly the same thing is 
true of the heat energy leaving the Carnot engine. 

(f) Fig. 74 is intended to show graphically the energy changes of 
the Carnot cycle. If vertical distances between heat reservoirs Ty 
and 72 in the figure represent temperature, and widths of streams 
represent quantities of energy, the sense of the foregoing discussion 
becomes graphically evident. 

The dotted part of the figure shows how a part of the effluent energy 
might be used if another cold body with temperature 7'3, lower than 
T2, could be obtained.*+ The ultimate limit to this arrangement would 


‘The possibility of the existence of cold body 7; immediately suggests the use 
of only one engine operating between temperatures 7’, and 73. There is no theo- 
retical objection to this, but sometimes when analogous schemes are tried with 
real engines a number of practical considerations dictate the use of several engines 
in series, as above, rather than one engine working through the entire temperature 
drop. ‘The reasons will be considered later. 
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be an engine having a cold body with temperature at absolute 
zero. 

It is of interest to note that, if this limiting case could be produced, 
the Second Law of Thermodynamics would no longer be true because the 
last engine of the series would reject no heat, having reduced the tem- 
perature of its working substance to absolute zero. All the heat entering 
the group of engines could then be completely and continuously con- 
verted into mechanical energy. Jt 7s obviously an impossible proposiivon, 
because of the absurd assumption that any body could be maintained 
indefinitely at absolute zero of temperature without the expenditure of 
work in a continuous processof refrigeration, even after granting the possi- 
7, of reaching absolute zero—something that has never yet been done. 
4 120. Reversibility of the Carnot Engine, and Available Energy.— 
7’ (a) In the preceding section it has been shown that no matter what the 

working ‘substance may be the efficiency of this heat engine cycle is 
Gir! 2) 


1 


It is now very important to remember that 7 is not only 


the maximum absolute temperature attained 
by the working substance during the entire 
cycle, but it is also the absolute tempera- 
ture of the hot body, or the source of heat. 
Similarly, Tz is not only the minimum 


Oi 


Ty 


First 
Engine 


Work 


absolute temperature of the working sub- Saas 
stance, but it is also the absolute tempera- 
ture of the cold body. With these facts in 
mind and the discussion of availability and =, t-===_1), 
reversibility with heat transfers, as given 
in Sect. 52, it follows that the transfer of 
heat to or from the working substance in the 
Carnot Cycle 1s in a reversible manner; or, in 
other words, the two isothermal processes are reversible and may 
therefore proceed equally well in either direction. The two adiabatic 
processes are by hypothesis assumed to be reversible ones since there 
is to be no turbulence within the working substance at any time. 
The entire cycle must therefore be reversible; that is, it must be 
possible to operate the machine, starting at the point a in Fig. 73 
and following the cycle backwards in the direction adcb. 

There is no reason why the gas cannot expand adiabatically 
from a to d, and then isothermally, at temperature J'2, from d to c. 
During the latter process it would absorb heat Q2 from the cold body. 
If the necessary mechanical energy is available the gas can be com- 
pressed adiabatically from c to b, and then isothermally, in contact 


Fria. 74.—Energy Flow in 
Carnot Engine. 
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with the hot body, to the starting point. During the isothermal com- 
pression the gas must give to the hot body the amount of heat Qi exactly 
equal to that previously removed during the direct operation. 

(b) In the PV-diagram, Fig. 73(a), the work done by the gas during 
the two expansions must be represented by the area adceh, and that 
done on the gas during the two compressions must be shown by the 
area ecbah. The net result must then be the absorption of external 
work equal to that given out in the direct cycle and represented by the 
area adcb. Also, from Fig. 73(b), the area demn is now the heat 
absorbed from the cold body and the area banm is the heat delivered 
to the hot body. 

Tabulation of the results of operation, first direct and then reversed, 
gives: 


Direct Operation. Reversed Operation. 
Heat absorbed from hot body = Q1 = Heat delivered to hot body. 
Heat discharged to cold body = Qs Heat absorbed from cold body. 


ol 


Mechanical energy delivered 


(Qi — Q2) 

Thus the Carnot engine reversed can remove heat at low tempera- 
ture from the cold body and, by receiving a certain quantity of mechanical 
energy, can deliver the sum of these two energies to the hot body as heat 
at high temperature. It is therefore a heat pump. 

(c) From the above discussion it is evident that a Carnot engine is 
able to convert continuously into mechanical energy some of the heat 
supplied to it, and this can be accomplished only by permitting a drop 
in temperature of the working substance within the engine,—just as a 
water wheel can deliver mechanical energy only by permitting a drop 
in elevation of the water passing through the wheel. The net work of 
the cycle, or the available energy, is seen to be directly proportional to 
the difference in temperature between the hot and cold bodies, —just 
as the energy available from a waterfall is dependent upon the difference 
in elevation between the water entering the penstock and the tail race. 
[{ now remains to be seen whether any other heat engine cycle can be 
devised to yield a greater amount of net work, or, in other words, havea 
higher efficiency when operating between the same temperature limits. 


121. Efficiencies of All Reversible Engines——(a) There are many 
possible types of reversible and irreversible ideal engines. It will now 
be proved that, when working between the same temperature limits,— 
i.e., receiving heat from a hot bedy at the same temperature as that 
supplying the Carnot engine and rejecting heat to a cold body at the 
same temperature as that used with the Carnot engine,—(1) no engine 
whatever can have higher efficiency than the Carnot engine; and (2) the 
efficiency of all reversible engines equals the efficiency of the Carnot engine. 


Mechanical energy absorbed. 
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(b) To prove (1): Assume that any engine, A, is more efficient 
than the Carnot engine, C. Obviously A could deliver more mechanical 
energy than could C, although receiving the same amount of heat; and 
the heat rejected to the cold body would evidently be less by A than 
by C, by an amount equal to the difference between the quantities of 
mechanical energy delivered by A and C.° 

Let A, operating as an engine, drive C reversed, that is, as a heat 
pump. This is shown diagrammatically in Fig. 75, in which the width 
of stream is supposed to be a measure of the energy flow. From the 
combination there would result an excess of mechanical energy, Le, 
which could be used outside the system. This excess mechanical 
energy would be exactly equal to the only heat supplied the system, that is, 
to He’ given by the cold body to the pump. Therefore the combination 
could continuously convert 
into mechanical energy all 
the heat supplied it; but this 
would be contrary to human 
experience as expressed in 
the Second Law of Thermo- 
dynamics. Since the assump- 
tion that A is more efficient 
than C results in this im- 
possibility, it follows that 
that assumption must be in- 
correct, and that no heat 
engine, reversible or irre- 
versible, can have an effi- 
ciency greater than that of Fic. 75.—Diagram to Show that No Engine Can 
the Carnot engine. Hence Have a Greater Efficiency than the Carnot. 
statement (1) is correct. 

(c) To prove (2), that if the engine A is reversible it must have the 
same efficiency as the reversible Carnot engine C working between the 
same temperature limits, imagine it to have an efficiency less than that 
of C.6 Being reversible, it can be used as a heat pump driven by C. 
Then, if the pump can be less efficient than the engine, the same impos- 
sible conditions again appear, merely interchanged. Hence, neither 
engine can be more efficient than the other, so the efficiencies of all 


5 Because heat received = heat discharged + mechanical energy delivered. 
With the left member of the equation constant, neither term of the right member 
can vary except at the expense of the other. 

6 It has already been proved that its efficiency cannot be greater than that 
of C. 
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reversible engines working between the same temperature limits must 
be the same, which proves (2). 

122. Comparison of Carnot Engine and Real Engine.—(a) The 
Carnot engine as described above is evidently only an ideal mechanism, 
for the material assumed for the parts does not exist and a perfect appa- 
ratus could not be constructed. Even if it could be constructed its cost 
would be prohibitive as the rate at which heat is transferred from one 
body to another depends upon the difference in temperature of these 
two bodies, which means that a reversible isothermal is the limit of 
slowness in this regard. The slower the rate of heat transfer the larger 
the size of the engine and consequently the greater the cost. It is 
possible, however, to approach such ideals and they may therefore be 
regarded as limiting cases for actual constructions. Comparing the 
real engines with the Carnot as a standard gives a measure of the per- 
fection of attainment. , 

In any actual engine, the piston, which itself meets with frictional 
resistance, is connected to a friction-burdened mechanism. In the real 
engine, provision must also be made for storing part of the energy 
delivered during the expansion, to be returned for the compression of 
the working substance, and this storage and return always involves a 
slight waste. In the reciprocating engine, for instance, this energy- 
storing device is usually a fly-wheel, and a small portion of the energy 
stored is lost in friction and windage. 

(b) Obviously there must be the following losses in any real engine: 

1. There must be a very considerable difference in temperature 
maintained in bodies between which heat is to be transferred rapidly. 

2. Some of the heat received from the hot body must be lost as heat 
through conduction and radiation by the material of the engine. 

3. Some of the mechanical energy delivered to the piston must be 
lost by friction in the mechanism of the engine. 

4. Some of the energy stored for compressing the working sub- 
stance must be lost by friction during its storage and its return. 

123. Criterion of Maximum Efficiency.—(a) A study of the classical 
cycle devised by Carnot one hundred years ago shows very clearly what 
must be the objective in order to obtain the maximum amount of 
available energy from any ideal heat engine working between any two 
given temperatures. It may be stated as follows: That an ideal 7 


engine may have the maximum possible efficiency, ee when 
1 


7 The definition of an ideal engine as gaven in Sect. 118 (c) should be carefully 
reviewed at this time. 
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receiving heat from a body at temperature 7; and rejecting heat to a 
body at temperature 72, it is necessary that— 

(1) All heat received from the hot body be taken when the working sub- 
stance has the same temperature as that body; and 

(2) All the heat rejected to the cold body be given it when the working 
substance has the same temperature as that body. 

(b) Even though the above criterion is extremely difficult to approach 
when building actual engines the result of Carnot’s wonderful work is 
always the basic principle upon which the engineer tries to design various 
types of engines,—although he must violate these principles to a con- 
siderable degree in all cases, because of other important factors, two of 
which are size and cost of the real engine for a given power output. 
Just how the various types of engine cycles operate and how they com- 
pare with the Carnot and why they possess certain advantages and 
disadvantages will be considered in the following pages. 

124. Refrigerating and Warming Machines.—(a) With the Carnot 
cycle carried out in the reversed order from that of the engine, there 
result two possible types of ideal machines, refrigerating and warming, 
that are of engineering importance. Since the cycle is reversed, mechan- 
ical energy is no longer delivered by the apparatus, but instead must 
be absorbed in order to keep the machines in operation. The refrigerat- 
ing machine is operated for the purpose of abstracting heat from a body 
that 1s to be maintained at a temperature lower than its surroundings. 
The warming machine, first suggested by Lord Kelvin® in 1852, is one 
for delivering heat to a body that 1s to be maintained at a temperature 
higher than its surroundings. Poth 
of these types of machines may be 


called Heat Pumps. 
3 yx) ® In the case of the reversed 


Carnot engine, see Fig. 76, the work- 
(ing substance absorbs heat from 
the cold body while both are at 
the same temperature, 72, and, Fic. 76. 
similarly, it delivers heat to the hot 
body while both are at the same temperature, 71. This isothermal 
heat transfer represents the limit of perfection and, of course, it could 
never be realized in an actual Se ,—but it serves as an ideal for 
comparison. 
(c) Instead of speaking of the efficiency of the reversed Carnot 
8 See Collected Papers of Lord Kelvin, Vol. 1, p. 515, or Proceedings of Phil. Soc. 


of Glasgow, Vol. III, p. 269. 
9 In brief courses it may be desirable to omit the remainder of this section, 
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engine, it has become common practice to use the term ‘‘ coefficient of 
performance,” c.o.p. For the refrigerating machine, referring to Fig. 
76, this measure of performance is 


oA Desired result 
~ Energy !° that must be expended to attain this result 


C.0.Ds 


2 Heat absorbed from the cold body 
~ Mechanical energy required to operate machine 


_ area bemn _ T2(¢. — $0) - T2 (152) 
~ area abed (71 — T2)(@.— ¢o) T1—T2 ~ 
For the warming machine 
ee Heat delivered to the hot body 
*°-P. ™ Mechanical energy to operate machine 
_ area danm _ Ti(¢a — $a) Ds (153) 


~ areaabed (11 — T2)(¢a — $a) te Ie 


Since it is always desirable to use as small an amount of energy to drive 
the machines as possible, it follows that the larger the coefficient of 
performance of both these ideal heat pumps the better. The coeffi- 
cient is often much greater than unity, and its value increases as 7 and 
T2 approach each other,—which is just the opposite from the conditions 
for highest efficiency in the case of the Carnot engine. Actual refrigerat- 
ing machines operating on a cycle somewhat different from the Carnot 
are in common use to-day and will be discussed more fully in the chapter 
on Refrigeration. 

(d) Warming machines are not common at present, but with further 
development of certain of the apparatus needed, and under very un- 
usual conditions, they may become commercially feasible for trans- 
ferring heat from one body to another at a slightly higher temperature. 
For instance, such heat pumps are sometimes used in connection with 
evaporating apparatus,'' and, under very exceptional circumstances, 
they might be used for warming buildings in certain localities where the 
climate is mild. Their application for the latter purpose can be more 
easily understood after first considering a hydraulic analogy, such as 
will now be given. 

(e) Assume, for illustration, that at a point A, which has an elevation 
z; of 4000 ft. above sea level, there is a continuous but small supply of 
water which has to be conserved as much as possible, and at point B, 

10 This refers to energy that must be paid for, not to that which is obtained with- 


out cost. 
11 See The Heat Pump in Evaporating Plants, Brown-Boveri Review, Mch., 1922. 
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at an altitude z2 of 510 ft., there is need for a large amount of water; 
and, further, suppose that at C, ten feet below B, or at the elevation z3 
of 500 ft., there is a very large river. But for the restriction imposed, 
B might, of course, receive directly from A all the water needed. How- 
ever, under the conditions prevailing, the supply must be provided 
with as little water as possible taken from A. This can be accomplished 
by using water from A in a water wheel located at elevation z2,—and 
discharging into B,—and utilizing the energy developed by the wheel 
to drive a pump at level zs to raise water from the liberal source C and 
deliver it at the desired height, the lift being only 10 ft. Since the head 
pumped against is relatively low, a very large delivery can be accom- 
plished with the expenditure of only a small amount of the more valuable 
water from A; and such procedure would be desirable even though the 
efficiencies of the water wheel and pump were rather poor. 

(f) Similarly, using absolute temperatures, suppose that, as the 
resuits of burning expensive fuel, heat is developed which is available 
from the products of combustion at a temperature 7; of 4000 deg. fahr., 
and that it is desired to keep the air in a very large building B at a 
temperature T2 of 510 deg. while that outside is at 7’3 = 500 deg. 
Obviously, by burning a large amount of fuel directly in the building B 
the necessary heating can be accomplished, and, at first sight, this would 
appear to be the most efficient method. However, the air (at 500° F. abs.) 
outside the building contains an unlimited supply of heat, and a heat 
pump can be used for causing the desired 10 deg. increase in temperature. 
To drive this warming machine, mechanical energy may be obtained from 
an engine utilizing some of the heat obtained from burning fuel, and the 
heat in the exhaust from the engine can also assist in the warming 
process. As the ten-degree temperature increase is relatively small, a 
very large amount of energy for heating can be made available in this 
way from the great quantity of air passing through the machine, and 
this is accomplished with the expenditure of less fuel than is required 
in the direct method of heating, even though the performance of the 
actual warming machine is poor compared with the ideal reversed 
Carnot engine. 

(g) Thus, from the standpoint of the utilization of heat-energy, 
the warming machine has attractive possibilities. However, from a 
consideration of the complication involved, the great cost of equipment, 
the very large size of apparatus, and the annoyance of operating a heat 
pump, there is much to be overcome before the warming machine can 
become a serious competitor of the common methods of heating build- 
ings in most localities. As better designs of pumps and compressors 
are developed and as the cost of fuel goes up, the greater will be the pos- 
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sibility of such machines becoming commercially feasible. Other appli- 
cations of heat pumps will be considered later. 

125. The Constant-Volume Regenerative, or Stirling, Cycle.—(a) In 
this cycle, which was first used by Stirling in 1827 and which is shown in 
Figs. 77 (a) and (6), the gas receives heat from the hot body and rejects 
heat to the cold body along the isothermals ab and cd respectively, 
exactly asin the case of the Carnot engine. The two adiabatics of this 
latter case are, however, replaced by the two constant volume lines, bc 
and da, hence i = 2 =P 

The line be is supposed to be obtained by allowing the working sub- 
stance to transfer heat to a body so arranged that it stores that heat 
in such a manner that (1) each part of the body is always at the same 
temperature as the contiguous gas, (2) the temperature of each part 
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Fig. 77.—Constant-Volume Regenerative Cycle (Stirling). 


remains constant, and (3) each increment of heat after storing is main- 
tained at the temperature of reception. The line da is supposed to be 
obtained by the return of the stored heat to the gas by a reversal of this 
operation. 

(b) Such a heat storing and restoring body is known as a Regenerator 
and in its perfect state is of course purely ideal. It may be approx- 
imated, however, by a long pipe of heat-insulating material filled with 
wire gauze or equivalent, and with temperature 7, at one end and T»2 
at the other. As hot gas flows through in the direction 7,72 it will 
impart heat to the walls and filling at a progressively decreasing tem- 
erature and give the process bc; while da may be obtained by causing 
gas to flow through the regenerator in the opposite direction, 

(c) Since the regenerator acts only as a storage reservoir by means 
of which a definite quantity of heat is alternately received from and 


THE STIRLING CYCLE 167 


returned to the working substance, it must be carefully noted that the 
fresh supply of heat, Qi, in each cycle is obtained only during the iso- 
thermal expansion ab, and similarly the rejection of heat occurs only 
during the isothermal compression, cd. Hence the net work of the 
Stirling Cycle may be obtained from Eq. (84) and the 7'¢-diagram, 
Fig. 77(0), as follows: 


Qi = areaabmn = wART, log. r, Btu, 
Qe = area dckl = wART? log. r 


Net work = Qi — Q2 = area abcd = wAR(T1 — T2)log. r, B.t.u. (154a) 


This net work may also be readily determined from Eq. (82) and 
the PV-diagram, Fig. 77(a), as follows: 


Wka = area abef = wRT; log. r, ft-lb., 
Wks = 0 
Wkea = area cdfe = — wRT2 log. r 
Wkaa a= 0 
Net work = Wk = area abcd = wR(T1 — T2) log. r, ft-lb. . . (1546) 


(d) The efficiency of the Stirling Cycle is 
Q1 ae Qe AS wAR(T, = T2) log. r Es 5 — T2 


Qi wART log. r T1 


(155) 


This is the same efficiency as the Carnot for the same temperature 
limits, a result that would be expected from the facts that perfect regen- 
erators have been assumed and that the isothermals are both reversible 
since the working substance is at the same temperature as the body 
with which it is in thermal contact. With perfect regenerators there is 
no loss of available energy since the working substance is progressively 
at the same temperature as that part of the regenerator with which it is 
in contact, hence the two constant volume processes are also reversible 
for this case, and the whole cycle is therefore reversible. Consequently 
the cycle efficiency must be the same as the Carnot. 

(e) The outline of the machinery necessary for carrying out such a 
cycle is shown in Fig.78. The cylinders, Y and Yi, and the hot and cold 
bodies, U and X, are similar to those used in the Carnot engine. The 
tube RF is the ideal regenerator and its contained volume is assumed to 
be negligible compared with that of either cylinder. 

Imagine the piston in Y; at the bottom of the cylinder and that in Y 
at the top, as the result of the expansion ab, Fig. 77. Y is thus filled 
with a gas in the condition shown at b. Now drive the right piston 


\ 
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down, thus forcing the gas through the regenerator, and allow the left 
piston to rise at just the rate necessary to keep constant the total volume 
of the gas. During this process the regenerator will absorb heat and 
its temperature will grade from 7, at the right to T. at the left. When 
the piston in Y has reached the bottom of its stroke all the gas will be in 
Y,, the piston in the latter will be at the top of the stroke, and the con- 
stant-volume line be will have been produced. Now hold the right piston 
stationary, bring the cold body up to cylinder Y; and force the piston 
into this cylinder, until the volume occupied by the gas is that shown 
at d, in Fig. 77. This will produce the isothermal compression. Free 
the piston in Y, continue the downward motion of that in Y; until it 
reaches the bottom of its cylinder, and simultaneously allow the right 


[Piston 4 


: 


Fig. 78.—Machinery of Constant- Fia. 79.—Constant-Pressure Re- 
Volume Regenerative Cycle. generative Cycle (Ericsson). 


piston to rise as much as is necessary to keep the volume constant. 
This will give the line da of the diagram, and the gas in passing through 
the regenerator will rise in temperature from 7'4(= T.) to Ta(= 73). 
Finally fix the left piston in its position, bring the hot body up to cyl- 
inder Y, and allow the gas to expand isothermally from a to b, com- 
pleting the cycle. 

126. The Constant-Pressure Regenerative, or Ericsson, Cycle.—This 
cycle, shown in Fig. 79, differs from the one last considered only in the 
fact that the regenerative processes are carried on at constant pressure 
instead of at constant volume. Substantially the same mechanism 
may be used as in the last case, and the ideal cycle, being reversible, 
must have the same efficiency. 


_-— 127. The Otto Cycle, or Beau de Rochas Cycle—(a) This cycle is 


one of the most important in use to-day as nearly all high speed internal 
combustion motors involve its use. Beau de Rochas described it in 
1862, and fourteen years later Otto used it in an engine and demon- 
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strated its great value. Although both men have a just claim to the 
cycle, for simplicity, it is commonly called the Otto Cycle. 

(b) The cycle is shown in Fig. 80, and, as outlined by deRochas is 
carried out with four strokes of the piston, in the following manner: 

(1) During the first or suction stroke a fresh charge of fuel and air, 
mixed in the proper proportion for burning, is sucked into the cylinder,— 
as shown by the line 1-2. 

(2) The compression stroke then takes place, compressing the charge 
from the suction pressure at 2 to that at 3, according to the line 2-3. 
The mixture is then ignited and combustion occurs with rising pressure, 
the volume remaining practically constant, as 
shown by the line 3+4. p} 

(3) The expansion stroke follows with the 
gases expanding according to line 4-5. The 
exhaust valve then opens and release occurs, 
the resulting drop in pressure, with volume 
practically constant, being shown by line 5-6. 

(4) The exhaust stroke, line 6-1, then com- Fia. 80. 
pletes the cycle. During it the piston drives 
the greater part of the burnt gases out of the cylinder, thus scavenging 
it and leaving it ready to receive the fresh charge for the next 
cycle. 

(c) In the actual Otto engine, as soon as the exhaust valve opens 
there is a very sudden drop of pressure within the cylinder as the “‘ free 
expansion,” 5-6, of the exhaust takes place. During this period the 
piston is near the end of the stroke, thus its movement is small and the 
indicator diagram would therefore show a sudden drop in pressure at 
nearly constant volume and consequently very little work would be 
done on the piston. The pressure within the cylinder is usually some- 
what above atmospheric during the exhaust stroke as there is consider- 
able “ throttling” through the exhaust passages. Similarly, during 
the suction stroke the pressure is less than atmospheric due to the 
throttling through the inlet passages. It is part of the designer’s prob- 
lem to reduce these throttling losses as much as feasible. At the limit, 
the lines 1-2 and 6-1 would coincide with each other and with the 
atmospheric line; and, under these circumstances, the suction and 
exhaust strokes would have no influence on the net work done, or on the 
efficiency, except for certain small losses of heat by radiation or conduc- 
tion. The cycle 2-3-4-5-2 can be carried out with two strokes, as in 
Fig. 80(a), but in this case other means must be provided for injecting 
the charge and for scavenging the cylinder, and the efficiency is thereby 
reduced somewhat below that obtained with the four-stroke cycle. The 
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arrangement and functioning of actual engines using the two- and four- 
stroke cycles will be considered in a later chapter. 

(d) In the ideal Otto engine, the same working substance is con- 
sidered as remaining always in the cylinder and as being carried through 
the entire cycle repeatedly, thus eliminating the exhaust and suction 
strokes. The compression and expansion strokes are assumed to be 
isentropic processes. Instead of having the constant volume combus- 
tion occur within the cylinder, an equivalent amount of heat is considered 
as transmitted to the confined gas while the piston is at the end of the 
compression stroke. Furthermore, instead of having free expansion of 
the gas just before the beginning of the exhaust stroke, heat is abstracted 
at constant volume from the charge until the pressure drops to atmos- 
pheric. Thus, with two strokes of the piston, this series of operations 
gives a pressure-volume diagram showing the same amount of net work 
delivered to the piston as occurs in the case of either the two- or four- 
stroke cycle having internal combustion, free expansion at the beginning 
of exhaust, isentropic processes during the compression and expansion 
strokes, and no throttling. Hence, the heat supplied per cycle, the net 
work and the efficiency of the ideal cycle just outlined must be true 
standards of comparison for the actual Otto engine using either a two- 
or four-stroke cycle. Obviously, the net work of such an ideal cycle is 
the available energy from a given supply of heat used in an engine of 
this type. 

The gas in the cylinder of the ideal engine is considered to be in 
thermal equilibrium at all times so that its state may be completely 
specified at any instant. The diagrams of the ideal cycle must therefore 
consist of two constant volume lines and two isentropics, as shown by abcd 
in Fig. 81. 

(e) Engineers are in agreement regarding the processes involved in 
the ideal Otto cycle, as just outlined, but they are not of the same opinion 
as to what should be considered as the working substance when making 
the calculations of the efficiency of the ideal cycle. 

(f) For many years air, with y=1.4, has been taken as the working 
substance. Using any constant value of y makes the solution of the ideal 
cycle very simple. However, the actual values of this quantity for air 
vary over a considerable range, as is shown in Fig. 33. In this text the 
ideal cycle using air will be designated as the ‘‘ Cold Air Standard ”’ if 
y is taken as 1.4, and as the ‘‘ Hot Air Standard” if y is taken as con- 
stant, but less than 1.4, the value to be determined later in this chapter. 

(g) A still more accurate criterion is the ideal cycle with a working 
substance the same as that of the actual mixture in the cylinder of the 
real engine. This may be referred to as the ‘‘ Real Mixture Standard.” 
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Its disadvantage is the complication involved in determining the com- 
position of the real mixture and in solving the necessary equations. The 
actual mixture will depend upon the ratio of air to fuel, the composition 
of the fuel, the amount of burnt gases in the cylinder when the fresh 
charge is admitted and on other factors. A method of analysis, with 
complete numerical results for one definite mixture, is given in Sect. 129, 
but for short courses it may not be desirable to include all of it. In 
general, the “ cold air standard ” will give a cycle efficiency very much 
higher than that obtained by using the real mixture. On the other hand 
the “hot air stand- 
ard’’ will be shown 
to be in very close 
agreement with the 
“real mixture 
Leas 
4128. The “ Air 
'Y Standard” Otto 
Cycle.— (a) Con- 
sider air having ¢, a nae 
¢, and y constant (b) 
throughout the Fic. 81.—Ideal Otto Cycle. 
cycle, although 
their values depend upon the decision as to whether the ‘ hot” or 
“ cold ” standard is used. Then, from the 7'¢-diagram in Fig. 816 and 
from Eq. (67), it follows that, for w pounds of air, 


Qi = area abmn = we,(T, — T.), B.t.u. 


Qe = area dcmn = we,(T, — Ta). 


or, ee i en a 
Net work = Qi — Q2 = area abcd = we,(T, — Ta — T. + Ta), 
Btu. . (156a) 
Also, from Eq. (110) and the PV-diagram, the work done by the gas 
during each process is- 
Wk». = area bcef = wK,(T, — T.), ft-lb., 


Wie = 0, 
Wkaa = area dafe = wK,(Ts — T.), 
Wkaw» = =. (i). 


or, 


Net work = Wkyycue = areaabcd = wK,(T, — Tg — Te + Ta), 
ft-lb., . (156d) 
which checks the value obtained in Eq. (156a). 
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(b) The efficiency of this cycle is 


_ Oi — Uo WG Lo Tre) | 
eee Oe a we (Tl, — T.) (aa 


Or, from Eq. (105), this becomes 


VeNge VEN! 
m(p) = tly) v.74 
€x(air) = 1 a NW i = 1 = (7) ‘ e ° e (158) 


(157) 


(c) Now, since V, and V4 are respectively the volumes at the end and 
beginning of compression, both may be expressed in terms of the piston 
displacement. (P.D.); Thus, V. = c(P.D.) and Ve = (1 + ¢) (P.D.), 
where c is the ratio of the clearance volume to the piston displacement. 
Substituting in Eq. (158), the efficiency becomes 


. =I -1 
ee he Fearcaail OG es ( g i . (159a) 


(1 + c)(P.D.) l+c 
1 
where r is the compression ratio va or TEES. or the expansion ratio 
Ve c 
Ve 
Vy 


Equations (159a) and (159b) show that the greater the ratio r, or the 
smaller the clearance of the engine, the larger is the efficiency of this ideal 
Otto cycle. 

(d) For a definite value of y it is very important to observe that 
this ideal efficiency is dependent only on the expansion or compression 
ratio. However, in the actual engine the material compressed is a 
combustible mixture, hence there is a limit to the compression ratio 
that can be used, since, if it is too large, the resulting temperature rise 
will cause spontaneous ignition before the point a is reached. The 
throttling of the charge during suction, which reduces the pressure at the 
beginning of compression below atmospheric without changing r, does 
not reduce the ideal cycle efficiency, although it will be shown later that it 
does decrease the mechanical efficiency, and it would certainly reduce the 
power output of the real engine, since a smaller weight of the charge w 
would be drawn in. The discussion and equations given in this section 
also apply for any gas having a constant value of y. 


129.!° The “ Real Mixture Standard” Otto Cycle.—(a) As in the 
previous case, this cycle consists of two constant volume processes 


2 This section may be omitted in brief courses. 
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and two constant entropy ones, as shown by abcd in Fig. 81. Now, 
however, the working substance is not an ideal gas and therefore cy 
and y are not constant, but depend upon the temperature. 

(b) Before the PV- or T¢-diagrams can be drawn to scale, and 
the net work or the efficiency be found, it is necessary to determine the 
values of the pressure, volume and temperature at the end of each 
process. Then the value of Ada and A¢.q may be computed, as in 
Sect. 77. The point d, at the beginning of compression, is usually the 
starting point in the analysis. The pressure pa of the mixture is com- 
monly taken as atmospheric at the place in which the actual engine is 
located, and the temperature, tz, may be assumed as 200° F., or Tg = 
660, as this is a fair value for the actual temperature of the mixture 
in the cylinder at the beginning of compression in the real engine. 
The ratio of compression, or expansion, 7, may always be found when 
the clearance and piston displacement of the actual engine are known. 

(c) The composition of the mixture in the cylinder is assumed to 
change during the cycle and to approximate that in the actual engine. 
Thus, during compression, the mixture consists of the fuel, air, and the 
part of the burnt gases which remains from the preceding cycle; while 
during the remainder of the cycle it is made up of the products of 
combustion. 

The higher heating value, H.H.V., of fuel, in B.t.u. per lb., is experi- 
mentally obtained by allowing the combustion of a known weight of fuel 
to proceed completely and then finding the heat that must be removed to 
cool the resulting products of combustion back to the room temperature.}8 
Thus, the heat supplied when burning wy lb. of fuel per cycle is 


1 ep) (EVs) ee oe os ee, ee OO) 
Referring to Fig. 81, the net work per cycle is seen to be 
Net Wk = Wkda + Wha + Wkse + Wha 
=(I4-—I1,.)+0+ (0-21. +0=l2-In+1,—TI,. (161) 


From Eqs. (160) and (161) it follows that the efficiency of the 
cycle is 

5 _ net work _ Ia—Iat+Is — I. 

iii Os Oiieeee 


(d) Before numerical values of the internal energies Io, Ip, I,, 
and Iz can be obtained, a datum at which the internal energy is arbi- 
trarily taken as zero must be chosen. The calculations are simplified 
by taking this datum at absolute zero, and assuming that the specific 


(162) 


13 For a brief discussion of the use of higher and lower heating values, see Sect, 136, 
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heat equation applies to a temperature as low as that—an assumption 
that will not affect the results since differences in internal energies are 
the only quantities to be obtained. Under these conditions, with 
Ty = 0, the internal energy for any given state, such as 1, is 


s . 


rT; T 
If T, < 20007, haw | edt ie | ‘(M + BT + CT2 aT 
fT FT 


E 


awf un + ore + Gr. Paar ol 


BT? CT?) 7: 
lf Ty > 2900°, Jy = Zeo00 + [a T+ ae + | (1630) 
3 2900 
(e) A numerical example will serve to show the calculations necessary to deter- 
mine the heat supplied, net work, and efficiency of this ideal Otto cycle. Suppose 
that gasoline, having higher and lower heating values of 20,000 and 18,675 B.t.u. 
per Ib, respectively, is used in an engine having a compression ratio, r, of 5 to 
1; that fifteen pounds of air are supplied per pound of gasoline, this “15 to 1 
mixture’? being about the proper proportions for perfect combustion; and that 
the products of combustion consist of, H,O = 8.4 per cent, CO, = 19.4 per cent, 
and Ny = 72.2 per cent, by weight. For the water vapor it will be assumed that 
& = 0.358 — 1.688(10) > 7 + 2.85410) 8 72 and R = 85.8; and for gasoline ® 
& = OSISS + 3.88800)" T and R = 18.58. For convenience in making the 
calculations, assume that the cycle is carried out with one pound of working sub- 
stance, With r= 4 it is a reasonable assumption that 10 per cent of the mixture 
present during compression are products of combustion left from the preceding 
evele, During compression, therefore, the pound of mixture consists of 0.1 Ib. of 
products of combustion, 0.8488 Ib, of air and 0.0562 Ib. of gasoline. 
First, it is necessary to determine the values of .W, B, and C in Eq. (163). For the 
curmuprvasion medecure with 7 < 200, it is found from Eqs. (59) and (61) that 


R=S0S88, M =01799, B = 2,082(10)-'§, and C = 3.7275(10)-°; 


and for the predueis af combustion, 
with 7 < 20008, M=01799, B=1.591(10)-5, and C = 2.425(10)79, 
with PT > 20008, M=02021, B =5.64(10)77, and C = 5.065(10)7°, 


and, irrespective of temperature, R = 54.01. 

Using these values in Eq. (168) the internal energies can be obtained. The result- 
ing equation for the compression process with T < 2900° is shown graphically in 
Fig. S2(@), and that for the expansion of the products of combustion with 7 > 2900° 
is gtven in Fig. $2(6), for later use, 

Now, assuming a suction temperature of Tg = 660° F abs., then, from Fig. 82(a), 


Te = 128.7 B.t.u. per Ib, 


This term means that there is no excess of either fuel or oxygen. 
% Derived from values given in Bul. 189, Univ, of Tl. Experiment Station. 
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Having 7a, and knowing the ratio of compression, Va/Va, and the constants, 
substitution may be made in Eq. (112) to obtain 74 at the end of the isentropic 
compression. However, this equation cannot be solved directly. It is represented 
in Fig. 83 by the curve labeled ‘‘compression,” from which, for r = 5, it is found that 
| 1120° F. abs. This temperature used with Fig. 82(a) shows that at the end of 
compression, 

Iq = 215.8 B.t.u. per lb. 


Internal Energy-B.t.u, per Lb, above 0 Deg. Abs, 
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Internal Energy-B.t.u, per Lb, above 0 Deg, Abs, 
Fria. 82.—The Relation between Internal Energy and Absolute Temperature. 


(a) For fresh mixture of 10% residue, 84.38% air, and 5.62% gasoline. 
(6) For burnt products having 8.4% H.O, 19.4% COs, and 72.2% Nao. 


With combustion now occurring, the amount of heat supplied per cycle, on which 
the thermal efficiency is based, is, from Eq. (160), 


1 = w(H.H.V.) = 0.0562 X 20,000 = 1124 B.t.u. 


However, the energy available for producing a rise in temperature of this mixture 


is equal to 
Qt = w/(L.H.V.) = 0.0562 X 18,675 = 1050 B.t.u. 


in which L.H.V. is the lower heating value per pound of fuel. 

Note that Q; is considered as heating the products of combustion—not the unburnt 
charge. If the mixture of burnt gases were cooled to the temperature Tq = 1120°, 
which existed at the end of compression, its internal energy would be, from Hq. (163), 


1.591 2.425 
Ig = 1| 0.709 < 1120 + Tapeh < (1120)? + =q 10) x a20)*| 


= 212.6 B.t.u. per lb. 


16 For discussion of the use of this heating value, see Sect. 136; also 1928 Trans. 
A.S.M.E., Oil and Gas Power Sect., Vol. 50-5, No. 1, p. 20. 
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Then, adding Q; to J’, will give the internal energy at b, combustion having taken 
place during the process a b. Thus, 


Ty = I'g + Qt = 212.6 + 1050 = 1262.6 B.t.u. per lb. 


It should be noted that had the value of Iz = 215.8 been used, instead of cal- 
culating I’, = 212.6, the final result would have been changed but one-quarter of 
1 per cent and considerable labor saved. However, the use of J’, is more con- 
sistent with the conception of the heating value of a fuel. 

From Fig. 82(6) the corresponding value of the temperature is found to be 


T= O1GHs Habs: 


g 


This temperature is of 
particular interest as it 


H ae 
in 4 is a measure of the 
¥ *~ maximum value at- 
Q 4800 2 : ; 
Bi Q tained in the real en- 
Hi 4600 1200 8 gine using the assumed 
Ke z mixture. 7 
re a re 1100 £ In order to get the 
z er S temperature at c it is 
a 

Ber 100 — necessary to use Eq. 
£ A (112),* but this time 
@ 4000 900 2 
8 & for the products of 
B sa00 © m, so § combustion. The cor- 
g 2s, 3 responding curve is 
£ 3600 — 70 g shown in Fig. 83 and 
< 3 it is labeled ‘ expan- 

apr : . ; : 4 $< sion.” For r = 5, this 

Ratio of Expansion or Compression, 7, curve shows that 
Fig. 83. 


T, = 3558° F. abs. 
Using this temperature, from Fig 82(b) 


I, = 778 B.t.u. per lb. 
Then, from Eq. (161) 


Net Wk. = Ig — Ig + Ip — I; = 123.7 — 215.8 + 1262.6 — 778 = 392.5 B.t.u. per lb; 
and, from Hq. (162), the efficiency is 
Cimiz.. = Net Wk./Qi: = 392.5/1124 = 0.349, or 34.9 per cent. 

(f) It is interesting to compare this efficiency with that of the 
corresponding “Cold Air Standard Cycle.” For the latter, from 
Eq. (158), using y = 1.4, 

ee le (7) Baits (G) = 47.5 per cent, 
which is over one-third larger than eimiz). Thus, since very high 
temperatures are involved in the real Otto engine, using air with 


17 The actual temperature attained in the real engine will be less than this for 
reasons that will be considered later. 


N, 


aie 


| 
h 
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y = 1.4 in the analysis of the ideal cycle is obviously unjust to the 
real Otto engine, and hence the “‘Cold Air Cycle”’ is not a very satisfac- 
tory standard for comparison of the actual performances of such engines. 

(g) On the other hand, by using the “‘ Hot Air Standard” with 
y = 1.3 quite satisfactory results are obtained for the ideal cycle, if the 
actual engine with which the comparison is to be made is using gasoline, 
oil, or coal gas. Thus, for this case 


i 0.3 
Ci(not air) — il aa (*) . ° . . . . . (164) 


r 


This equation yields an efficiency of 38.2 per cent for the case in which 
r = 5, as compared with 34.9 per cent, the value obtained from the 
real mixture calculations. Had y been taken as 1.267 the efficiency 
of the “ hot air standard ” would have checked exactly the real mixture 
value for this case. 

While it has been found that Eq. (164) gives fairly satisfactory 
results for the fuels and conditions mentioned, note, however, that the 
value of y may be different for other fuels; also, 06 
that it changes as the mixture ratio departs from 


the so-called “theoretical mixture,” which is the 305 
one that has just the right amount of air to supply 2 
. the oxygen needed to burn the particular fuel used. 7°" 
As an indication of how both the ratio of air to a 
fuel, and the compression ratio, affect the ideal “ES LEA ATS. 
efficiency, some of the results of Tizard and Pye !8 errs 


are shown in Fig. 84. 


130. The Diesel Cycle.—(a) This cycle is of great importance as 
Diesel engines are used quite extensively in stationary and marine 
practice. Though relatively costly, they develop very high actual 
economies and can use very low-grade fuel oils. A Diesel-engine power 

plant and its manner of functioning were dis- 
Pl oey cussed very briefly in Sect. 31. This type of 
engine is comparatively recent, the first suc- 
cessful one having been constructed by Dr. 
Rudolph Diesel in 1897, after several years of 
experimentation. 

(b) The actual Diesel cycle may be carried 

Fra. 85. out with either two or four strokes of the piston. 
For the latter case, the PV-diagram is shown 
in Fig. 85, in which the following sequence of events takes place: 


5 
6 
2. 

V 


18'The Character of Various Fuels for Internal Combustion Engines, in The 
Automobile Engineer, Feb., March, and April, 1921. 
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(1) During the first, or sucteon stroke, shown by the line 1-2, 
air only is drawn into the cylinder. 

(2) The compression stroke then takes place, compressing this 
air according to the process 2-3. The ratio of compression, (V2/V3), 
and the resulting pressure at 3, are much greater than is feasible 
in the Otto cycle. The temperature of the compressed air at 3 
must be well above the temperature that will cause ignition of the 
fuel when it is introduced after the end of the compression stroke— 
no external igniting device being provided. 

(3) From 3 to 4 in the expansion stroke, fuel is injected, usually 
by means of a “fuel pump” and a small proportion of high pres- 
sure ‘‘ injection air,” which also helps to atomize the fuel. In some 
of the later and modified designs of engines of this general type 
the fuel is injected without the use of the air, thus eliminating the 
auxiliary high-pressure air compressor that is otherwise needed. 
In either case it is intended that the fuel shall be injected at such 
a rate that the combustion that results when it unites with the 
hot air in the cylinder is maintained at substantially constant 
pressure. The exact time at which this fuel injection starts de- 
pends upon the kind of fuel and many other factors to be discussed 
later. From 4 to 5 the burnt gases expand during the remainder 
of the expansion stroke. The exhaust valve then opens and a free 
expansion occurs. The gases remaining in the cylinder have a drop 
in pressure at approximately constant volume, according to 5-6. 

(4) The exhaust stroke, line 6-1, then completes the cycle of 
operation of the engine. 


(c) The zdeal Diesel cycle will now be considered. The heat supplied 
is to be added during a constant pressure process, thus causing a certain 
amount of expansion, its magnitude depending upon the quantity of 
heat so used. The remainder of the expansion is isentropic, as is all 
of the compression. The rejection of heat is considered to be at con- 
stant volume, for the reasons discussed in Sect. 127 (d). Such a series 
of processes represents the greatest amount of net work that can be 
delivered to the piston of a Diesel engine having a given compression 
ratio and a known supply of heat. This ideal cycle requires only two 
strokes, and it may be used as a standard of comparison for both the 
two- and four-stroke types of actual engines. 

(d) In the real Diesel engine the amount of working substance in 
the main cylinder is not constant throughout the cycle, and this is 
because the fuel and injection air are not included in the suction and 
compression processes; but the compression of the injection air requires 
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the expenditure of energy and therefore this air may be considered in 
the ideal case as being compressed in the main cylinder. The work of 
pumping the liquid fuel into the cylinder of the actual engine is such a 
small item that its equivalent need not be considered in the ideal cycle. 

(e) As in the case of the Otto cycle, the analysis of the ideal Diesel 
cycle may be carried out on the basis of either of the two “ Azr Stand- 
ards”’ or on the “ Real Mixture Standard.” The latter results in a more 
complex analysis, but in a very much closer approach to actual con- 
ditions. With both of the Air Standards a constant weight of air 
may be considered throughout the cycle, but with the Real Mixture 
Standard the variable weights must be introduced. In each case, 
however, it is essential that the same amount of heat be supplied per 
cycle, a condition that enables certain important relations to be estab- 
lished between these standards, as will be shown later. 


Fig. 86.—Ideal Diesel Cycle. 


131. The Ideal ‘‘ Air Standard ”’ Diesel Cycle.—(a) Consider ideal 
air, having c, and c, constant, to be the working substance in the Diesel 
cycle. Since c, and c, are to be constant it follows that y must be 
constant—but not necessarily equal to 1.4, its value for air at low 
temperature. Then, using Eqs. (75) and (67) and referring to Fig. 86, 
for w pounds of air, 

Q, = area abmn = we,(T, — T.), B.t.u. 
Qe = area demn = we,(T. — Ta) 


Net Work = Qi — Qz2 = area abcd = we,(T, — T.) — we,(T. — Ta), 
B.tu. . (165) 
This same result for the net work may be obtained also by making a 
summation of the work done during all of the processes involved. 
(b) The efficiency of this cycle is 
Oi — Os are, (, — T,) = wea = T 2) 
aie eee a wep(T, — Ta) 


PRN 
mt YRA BE .. ae 
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This form of the equation is not suitable for general use, as the tem- 
peratures 7, and 7’, depend largely upon the ratio of expansion involved 
during the constant pressure process ab. This ratio is often called the 
“ cut-off ratio,” as in the actual engine it represents the ratio of the 
volume at the instant the injection of fuel is stopped to the volume 
at the end of compression, or to the clearance volume. Then, if r, be 
used as the symbol for the cut-off ratio, it follows that for the ideal 
cycle (see Fig. 86) 7, = Vi/Va. Let ra = “ adiabatic compression ratio ” 
= V,/V.. Then, with an ideal gas of constant weight considered as 
the working substance, it follows from Eqs. (69) and (105) that 


Vz pig heh i igs 
Gp. oo TET as pe = 7(7) = Poa? and des = ry)" 
With these values substituted in Eq. (166) there results 
L [re 1] 
€i(air) ae 1 — aie =a . . . . . . (167) 


This equation shows that the efficiency of the Ideal Air Standard Diesel 
cycle depends upon the compression ratio r., the cut-off ratio r, and y. 
With a given cut-off ratio, the efficiency becomes larger with increased 
compression ratios, because the expansion after cut off is thereby made 
greater. Jor this same reason the ideal cycle efficiency is increased 
by decreasing the cut-off ratio. A smaller value of r, corresponds to a 
reduced load on the actual engine, and, consequently, to a greater 
ratio of air to fuel in the engine cylinder. Furthermore, Eq. (167) 
also shows that the efficiency is increased by using a working substance 
with a high value of y. 

(c) It is now desirable to determine how the cut-off ratio r, may 
be obtained in order to use Eq. (167) for measuring by this standard 
the performance of an actual engine, or for comparing the results of 
this equation with those obtained by using the Real Mixture Standard. 
Since Eq. (167) shows that the efficiency of the Ideal Air Standard 
cycle is independent of the weight of air considered, let the weight of 
air used in this cycle be taken the same as the total weight of the mixture 
at cut off in the actual case with which the comparison is to be made. 
Then the following equations may be written, since the ideal and 
actual cycles are to be compared on the basis of the same supply of heat 
that is available for producing a rise in the temperature of the working 
substance. 


Let wu, 
Wa 


weight of fuel in pounds used per cycle in the actual case; 
weight of air used per pound of fuel in the actual engine 
(This includes all injection air, if any); 


I 
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Wp = weight of burnt gases remaining in the cylinder per pound 
of fuel in the actual case; 
L.H.V. = the lower heating value of the fuel, in B.t.u. per lb.; 
Q: = wu, (L.H.V.) = the energy available per cycle for producing 
a rise in the temperature of the mixture in the actual 
engine;!9 
the heat supplied per cycle in corresponding ideal air case. 


Qi 
Then, per cycle, it follows that, 


(1 + wa + wa); = weight of working substance, 


consequently 
Qi = (1 + wa + wa) uyep(Ts — Ta) 


= (1+ wa + wz)uye,(r.-—1)To. « ~. (168) 
But since Qi, is to be equal to Q,, then 
(1 + wa + wga)uye,(r. — 1)T. = w(L.H.V.). 


Mt os L.A. 
deel Geta REET: «| (1692) 
or 
re = 1 ae JE JEL WW (169b) 


(1 + wy, + Wa)Cpl'a Tat ¥ 
As illustrations of the effect of changing w4 and y in Eqs. (167) and 
(169), consider the cases given in Table VI.?° 

TABLE VI 


IpgeaL Dieset Cycie EFFricrencies AS AFFECTED BY y AND WEIGHT OF AIR 
PER PounpD or FUEL 


LL.B. WA WB he Ta y Cp Te i(air) 
18650 Be 0.45 660 15 1.40 0.240 3.66 0.533 
18650 NG 155 0.45 660 15 1235 0.264 3.79 0.481 
18650 13,5 0.45 660 15 1.30 0.297 3.84 0.427 
18650 25 0.8 660 15 1.40 0.240 2.49 0.581 
18650 25 0.8 660 LS 1.36 0.259 2.54 0.539 
18650 25 0.8 660 15 135 0.264 2.56 0.530 
18650 | 100 3.0 660 15 1.40 0.240 1.38 0.638 


19 The L.H.V. is used for the reasons stated in Sect. 136. 
20 Fixing y also determines cy for the air, since cy = yR/(y — 1)778. 
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The combination of Eqs. 169(b) and 167 enable the ideal cycle effi- 
ciency of the Diesel to be calculated for comparison with actual test 
data. It is for this reason that these equations are so important. In 
order to choose a suitable value of y for any given conditions, it is essential 
that a complete study of the ‘Real Mixture Standard” shall have been 
made. After completing the work of the next section it will be seen that 
for full load conditions the best value of y is close to 1.35. 

132.2! The ‘Real Mixture Standard’’ Diesel Cycle.—(a) lor this 
standard, as with the similar one for the Otto engine, the working 
substance is chosen to approximate the mixtures actually present before 
and after combustion; the variation in the specific heats of the mixtures 
is taken into account; and at the beginning of compression it may be 
assumed that the temperature is tg = 200° F., or Tz = 660, and that 
the pressure Pz is atmospheric. 

Le (b) If the higher heating value of the fuel used 


is H.H.V. B.t.u. per pound, then, if wy pounds of 
\ ‘ fuel are burned per cycle, the heat supplied by it is 
¥ Dieta (ECV oe. ae ee 


Fia. 87. ; . 
The net work of the cycle is the summation of 


the work done on the piston during the various processes; or, referring 
to Fig. 87, 


Net Wk = Wkaa + Wkav + Whe + wkea 
=I[4—I,+ AP.(Vs — V. +i1,—-—I.+0 
eleg— Uda tAr..) Ue Ake e 
mes ol a e Late Ll gia dee Ra, ba Pee ee ee aa 
It should be noted that each of these terms in Eq. (171) depends upon 


the weight of substance involved at its particular state. 
From Eqs. (170) and (171) it follows that the efficiency of this cycle is 


3 _ net work  Je—H.+ Hy—i, 
ee) Qi : w,(H.H.V.) 


(c) The internal energies needed are obtained from Eq. (163), and 
the heat contents H, and H, can be calculated from Eq. (566), again 
using 0° I. abs. as the arbitrary datum. Thus, with 7 = 0, the heat 
content for any state, 1, is 


2 3°] 2900 


(172) 


: BT2 Sena 
+wy [ae T+—~—+ | . (178) 
2 3 | 2900 


0 


1 'This section may be omitted in short courses. 


“REAL MIXTURE STANDARD” DIESEL CYCLE 183 


(d) The rather complex computations required for the analysis of this cycle are 
best illustrated by a numerical problem. For example, suppose that it is required 
to find the ideal cycle efficiency of a Diesel engine which operates with a com- 
pression ratio, 7, of 15 to 1; that the fuel oil used has higher and lower heating 
values of 19,150 and 18,650 B.t.u. per pound, respectively; that 25 pounds of 
air per pound of oil are supplied and that under such conditions the products of 
combustion are composed of 11.8 per cent CO», 4.0 per cent of H,O, 73.9 per cent 
of Nz, and 10.3 per cent of O2, by weight. Furthermore, consider that atmos- 
pheric pressure at the place where the engine is located is 14.7 Ib. per sq. in., and 
that, with ra = 15, it is fair to assume 3 per cent, by weight, of the mixture present 
during compression to be products of combustion which remained, from the preceding 
cycle, in the clearance. 

For convenience, assume that the cycle is carried out with one pound of the prod- 
ucts of combustion used as the working substance during the adiabatic expansion. 
Then the weight present during compression consists of 0.03 lb. of products of com- 
bustion and 0.9327 lb. of air. Further, let the specific heat of water vapor be 


0.353 — 1.533(10)—5 7 + 2.35(10)—8 72, 


Cy 
and. 
Cp = 0.463 — 1.533(10)-§ T + 2.35(10) -* T2. 


First, the constants M, B, C, M’, and R, for the mixtures during expansion and 
compression must be obtained. 
For the expansion mixture, from Eqs. 61(a), (b) and (c), 


with T < 2900°, 
M = 0.1743, M’ = 0.2432, B = 0.9842(10)~§ and C = 2.884(10)79, 


with T > 2900°, 
M = 0.1878, M’ = 0.2567, B =0.5137(10)~* and C = 4.489(10)~%, 


2000 3 4300 WA 2600 
a 2 na 
gg I aa 
au . fw 
bo uy 
¢ 4 1900 2 4200 0 - 9500 
a g's 
ae b Pie 
% 5 For Expansion 4A % 
39 € V of Products of ae 
2 a Combustion I 
00 5 = 2400 
= 13° («14 15 16 7 r= a }60 1180 1200 1220 1240 mi Gis De. AL 
Ratio of Compression Heat Content-B.t.u. per Lb, Ratio of Adiabatic Expansion 
(a) (d) (c) 


Fic. 88. 


and from R = (M’ — M)/A, the value of R = 53.6. 
For the compression mixture, with T’ < 2900°, 


M =0.1706, M’ =0.2391, B =3.067(10)-7, C = 4.099(10)~, 


and & = 53.29. 


Then, starting at the point d, with Tz = 660°, from Eq. (163) 


Oy = MAUL IG Esbh, fore Moy, 
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For the compression mixture the proper values of the constants should be intro- 
duced in Eq. (112),* which can then be used for constructing the curve shown by 
Fig. 88 (a), from which, for rg = 15, it is found that 


Ty = ASSie haps: 


Corresponding to this temperature, from Eq. (173), the specific heat content at a 
of the mixture being compressed, is 


ha = 459.4 B.t.u. per Ib. 


When combustion takes place, after compression is completed and the fuel 
injected, the energy available for producing a rise in temperature of the working 
substance is 

Q; = 0.0373 X 18,650 = 695.0 B.t.u. 


The heat content of the products of combustion, at the absolute temperature 
« = 1881°, is, from Eq. (173), 


h’, = 481.3 B.t.u. per lb. 


Since the pressure remains constant during the heat addition, Q; increases the 
heat content of the products of combustion. Hence, at b, at the end of combustion, 


hy = h’a + Q: = 481.3 + 695.0 = 1176.3 B.t.u. per lb. 


The corresponding temperature at b can then be obtained from Fig. 88 (b), con- 
structed from Eq. (173). It is found to be 


Ty = 4187° F. abs., 


which is the maximum temperature in this Real Mixture Ideal Cycle. 

Starting the isentropic expansion at b with this temperature and using Eq. (112),* 
the curve shown in Fig. 88 (c) is constructed. From this curve the temperature 
T. may be found as soon as the ratio of expansion V./Vz is determined. The value 
of this ratio will now be found. Since, for any gas, or mixture of gases, with 


Pa = Pb, 


Vo ae wpRrT, 
Va Wealtal 
it follows that, for this case, 
V SK BES SK Aule/ 
a Zs = 2.326; 
Vq 0.9627 X 53.29 X< 1881 
hence, the ratio of adiabatic expansion is 
ae Ws i eae 15 Ey 


Ve Vo 2.326 
For this value of r’, from Fig. 88 (c), 
T. = 2488° F. abs. 


* Using proper constants above and below 2900°. 


THE DUAL COMBUSTION CYCLE 185 


and from Eq. (163) the corresponding internal energy at c is 


t, = 468.2 B.t.u. per lb. 


Then, from Eq. (171), the nef work of the cycle is, for the actual weights involved, 
Net work = Ig — Hg + Hy — 1, = walia — ha) + wolhy — tc) 


= 0.9627(113.1 — 459.4) + 1176.3 — 468.2 = 374.7 B.t.u. per lb. of 
expanding mixture. 


The heat supplied per cycle based on the higher heating value is, 
Q; = w;(H.H.V.) = 0.0373 X 19,150 = 714.3 B.t.u.; 
hence, from Eq. (172), the efficiency is 


374.7 


Ci(miz.) = 7143 = 0.525, or 52.5 per cent. 


(e) Comparison of the above result with the efficiency given in the 
table of Sect. 131 (c) for the same compression ratio (ra = 15), the same 
initial temperature (7'2 = 660), and the same weight of air per pound 
of fuel (wa = 25), shows that the efficiency there given for y = 1.4 is 
58.1 per cent, and for y = 1.35 it is 53.0 per cent. This latter result 
agrees very closely with the value of 52.5 per cent obtained from the 
real mixture calculations, hence, for a mixture ratio of 25 to 1, using 
Eqs. (167) and (169) with y = 1.35 will be very satisfactory. If still 
leaner mixtures are used, as is actually the case with real engines running 
at light load, a slightly higher value of y should be selected. 

The Cold Air Standard (y = 1.4) has often been used, but such a 
value of y for air corresponds to a temperature that is relatively very 
low. If it be desirable to choose some one value of y that is to be used 
in all ideal air Diesel cycle calculations for full load, the value 1.35, 
which corresponds to air temperature of about 2000° F., is certainly 
more reasonable than 1.4. 

133. The Dual Combustion Cycle.—(a) Many oil engines in common 
use have combustion begin at constant volume and then continue at 
constant pressure. They may be called either “ Dual Combustion ” 
or “ Semi-Diesel”’ or “ Mixed Combustion ”’ engines. Usually they are 
not provided with auxiliary devices for igniting the fuel, but, generally, 
rely on the temperature produced by a moderately high compression, 
perhaps assisted by certain hot parts of the cylinder head, to start the 
combustion. The fuel is supplied in such manner that the burning of 
some of it is retarded or delayed. How this is accomplished will be dis- 
cussed in a later chapter. The ideal cycle is shown in Fig. 89. 
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(b) From Eas. (67), (75) and (148), with w pounds of ideal gas as 
the working substance, the net work per cycle is found as follows: 


Qi = we,(T, — T.) + we,(T. — Tr), B.tu. 
Qo = we,(T 4 — (WAY: 
Net workeyae = Qi — Qo = weel(T, — Ta) — (Tz — T.)] + we,(T. — Tr), 
Btu . (174 
Whence the efficiency of this ideal cycle is 
we,(T2— T.) 
ig a a 2) ra we,(T, — T.) + wep(T. — Te) 
=1 eee 173) 


if = Ty. -— TT) 


Fig. 89.—Ideal Dual Combustion Cycle. 


(c) Equation (175) is not convenient to use in many cases, hence 
it will be transformed into one involving no temperatures but only 
certain ratios of volume and pressure, as wellas y. Thus, 


: : ; V. 
let rg = adiabatic compression ratio = vy 
a 


> 


: J 
r. = cut-off ratio = —; and 


Vo 
X = constant-volume pressure-ratio = a 
Hence, A : 
T, = XT.;T. = Tr( 4!) = XrTos 
C4: 
yA yo ; 
T= (+) T.(“*) = Xr.7—{; and 
(i 
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Substituting these values in Eq. (175), there results 


il Xr.y—1 
alo ealgope ean) °° 7) 


(d) Equation (176) gives the ideal cycle efficiency of the Dual 
combustion cycle using any ideal gas. If it is desired to analyze this 
case using a real mixture, the corresponding ideal cycle efficiency may 
be found by the methods given for the Otto and Diesel cycles. Since 
the Dual combustion cycle is a combination of the Otto and Diesel 
the proper value of y to use in Eq. (176) for comparison with the per- 
formance of the actual engine operating under full-load conditions will 
probably lie some place between 1.3 and 1.36. 

134. The Brayton Cycle.—(a) Antedating somewhat the Otto 
engine, the Brayton machine was introduced in this country, about 1873, 
with considerable success, and was an important step in the development 
of the internal combustion engine. However, in addition to the main 
cylinder, it required a second one for compressing the charge, and 
owing to the relatively large size and greater first cost of the engine, 
it was soon displaced when the smaller and cheaper Otto engine appeared. 
The Brayton cycle is of importance because, when, reversed, it can be 
used in refrigerating machines. 

Figure 90 (a) shows the diagram for the compressor cylinder, which 
raises the pressure of the working substance and then discharges it into 
a receiver. Fig. 90(b) is the diagram 


‘ ; I”) 
for the motor cylinder which gets from f 
the receiver the combustible mixture 
which while entering burns at constant (a) 


pressure until the supply is cut off, after V 
which the products of combustion con- rar OO: 
tinue their expansion until the exhaust 
pressure is reached. The cyclic diagram in Fig. 91 represents the same 
net work as that with the two cylinders combined and with the same 
heat supplied, and, hence, is the cycle used in the analysis of the Brayton 
engine. 

(b) From Eqs. (75) and (148), with w pounds of ideal gas as the 
working substance, the net work per cycle having complete expansion 


is found as follows: 
Q; = we,(T, — T.), B.t.u. 


Q2 = we,(T. — Ta). 


Net work = Q1 — Qe = we,(T; — Ta — T. + Ta), B.t.u. (177) 


188 GAS CYCLES 


Whence the cyclic efficiency is 
Qe we,(T. tect Fa) a T: == Ta 


= 1 Gi tae Me Per) = ee 
From Eq. nee 


2 HLS P oes P ved 
CON gat pe et Ch 26 = a \ 
T. =T» (F) =T, () , and eis T (F) ; 


or 


Fig. 91.—Ideal Brayton Cycle with Complete Expansion. 


in which rz = Va/Va and is the adiabatic compression ratio, which is 
also equal to (V./V3), the adiabatic expansion ratio. 

(c) If the Brayton Cycle is carried out with incomplete expansion, as 
shown by abc’kd in Fig. 92, it reduces the ideal cycle efficiency slightly, 
but it has the great advantage of reducing the size of 

the engine per unit of power output. From Fig. 92 
Se it is apparent that the maximum volume would be 
¢ y reduced from V, to Vz, and yet the corresponding 

Fic. 92. reduction in the net work, shown by the area c'ck, 

would be small. 

The expression for the ideal Brayton Cycle with incomplete expan- 
sion may be obtained from Eq. (182) in the next section by substituting 
X = 1, and the result is as follows: 


1 = eo 2X2 =) 


ég=1- 446. =a ae it 


where Z = aS : in Fig. 92. 


(180) 


Pa 
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135.*” The Composite, or Walker, Cycle.?°—(a) This cycle, recently 
proposed, consists of two constant volume, two constant pressure and 
two constant entropy processes, as shown in Fig. 93. It has not been 
used commercially as yet, but because of the relatively high efficiency 
of its ideal cycle it is worth studying, although its application in practice 
may be handicapped by the complication of the mechanism that may 
be needed for carrying it out. 


Fria. 93.—Ideal Composite Cycle. 


(b) Considering an ideal gas as the working substance, the efficiency 
of this cycle is 
Q1 we,(T, — Ta) + we,(T. — Tr) 


Ta — T; = (y = Dine 
GoyhoGbyT 8D 


Equation (181) may be expressed in more useful terms by using 
Eq. (106) and the following ratios: 


a= 


= j= 


1 


To = Le (7 ”~" = the adiabatic compression ratio; 
Ve I 
‘= = i. = the “ cut-off ratio as 
IE b si é i : 
X= je Te the pressure ratio for constant volume combustion; 
Ve ii . » é, 
Z=—> = joe the volume ratio for constant pressure compression. 
f Z 


22 This section may be omitted in brief courses. 

23 See “A New Thermodynamic Cycle,’ by W. J. Walker, in (London) Engineer- 
ing, April 9, 1920, p. 467. Also Proceedings of the British Inst. of Mechanical 
Engineers, Vol. July to Dec., 1920, p. 1235. 
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Thus, from the foregoing, T, = XT. Te =1reTy = Xr-To, Ta = 
-1 
(Ty ie ee eg a Aree ie es 


Va = Cer A hase Nd rat 
By substituting these values in Eq. (181) and simplifying, the efficiency 
of the Walker cycle becomes 


KG 
X—-1+7X(r.- 1) } 


(182) 


a = a ra} 

(c) Since this cycle is made up of a combination of the Brayton, 
Diesel and Otto cycles the expression for its efficiency will reduce to the 
equations previously given for them, if the proper values of the several 
ratios involved are substituted in Eq. (182). These values are as 
follows: for the Brayton cycle with complete expansion, X = 1 and 
Z=r-,; for the Otto, r, = 1 and Z = 1; for the Diesel, X = 1 and 
Z = 1; and for the Semi-Diesel, Z = 1. 

136. Higher and Lower Heating Values, and Efficiencies.—(a) Most 
fuels used in internal combustion motors contain some hydrogen which 
during combustion, combines with oxygen to form water vapor, and as 
a result such fuels have two heating values. If the products of com- 
bustion have sufficient heat abstracted from them to condense all of the 
water vapor formed by combustion the amount of heat thus liberated 
per pound of fuel is known as the higher heating value (H.H.V.), and if 
none of this steam be condensed the so-called “lower heating value”’ 
(L.H.V.) would be obtained. This complication gives rise to a very 
considerable difference of opinion as to which value should be used in 
many kinds of engineering calculations. The Germans prefer to use 
the lower value, while in England and America the tendency is in 
favor of the higher one for determining thermal efficiencies. 

(b) In the case of the internal combustion motor it may be said in 
favor of using the lower heating value to determine thermal efficiencies 
that there is no possible chance to cool the products of combustion 
down to such a low temperature that the condensation can take place 
within the engine. Even though the products be exhausted from the 
engine at a temperature equal to that at the beginning of compression 
little condensation can take place because the partial pressure of the 
water vapor is so low that the temperature necessary for condensation 
is in the neighborhood of 125° F., or even less. 

(c) In favor of using hzgher heating values for determining thermal 
efficiencies of internal combustion motors and other apparatus it 
may be said that the machine itself is at fault if it cannot cool the 
products down to the temperature of the environment, say the at- 
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mosphere. Hence all thermal efficiencies should be based on the higher 
value. 

(d) With internal combustion motors there is a third method that 
has the most merit, and is as follows: For the thermal efficiency of 
the actual and ideal engines, the engine should be charged with the higher 
heating value, but for all calculations of the rise in temperature due to 
combustion and for the net work of the ideal cycle use the lower value, 
since the temperatures thus found are actually obtained under ideal 
conditions. With real mixtures the specific heats are so dependent 
upon temperatures, that the ideal cycle calculated with the lower heat- 
ing value gives the most accurate measure of the net work of the cycle 
for the given mixture of fuel and air that it is possible to calculate. 

(e) Which one of the above schemes should be used by American 
engineers is a question that has not been answered completely as yet. 
The American Society of Mechanical Engineers specifies, in the Test Code 
for Internal Combustion Engines, the use of the higher heating value in 
determining the thermal efficiency of an internal combustion engine, 
but says nothing on the subject of finding the temperature rise from the 
combustion of a given weight of a real mixture of air and fuel. 

(f) For the two numerical cases analyzed in Sects. 129 and 132 the 
third method, given in (d) of this section, is used because the authors 
believe that it is the most accurate and therefore the best one. Until 
there is an accepted standard for this class of work, various engineers 
may obtain slight differences in the numerical values of all efficiencies 
that are in any way dependent upon the heating value of the fuel.”* 


137. Applicability of Different Cycles.—In order that any ideal 
cycle may be commercially applicable, in the sense that it is good 
engineering to build actual engines to operate as nearly as possible 
on such a cycle, the following requirements must be considered: 


(1) The cycle effictency should be high. 

(2) The maximum pressure should not be so great that the 
structural parts of the actual engine become unduly 
massive and therefore costly. 

(3) The mean effective pressure should be as high a percentage 
of the maximum pressure as possible, thus obtaining the 
greatest output from an engine whose parts are dosened 
to withstand the highest pressure. 

(4) The maximum temperature, if long sustained, must not be so 
high that its close approach by the working substance in 

24 The heating values of fuels will be discussed further in later chapters dealing 
with combustion and fuels. 
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the actual engine will cause detrimental effects in the 
cylinder, piston, valves or other mechanical parts. 

(5) The processes involved should be such that they are approach- 
able to a reasonable degree by the real engine without 
too much complication of the mechanism. 

(6) The processes should be such that they may be carried out 
rapidly, so as to reduce to a minimum the size and cost 
of the engine for a given power output. 


138. Comparison of Cycles.—(a) From the preceding sections it is 
apparent that the several ideal cycles may be compared on many dif- 
ferent bases and the resultant conclusions may be very different. 
From the thermodynamic standpoint the same temperature limits should 
be chosen as the basis of comparison and it is in this sense that the 
Carnot stands highest. From the standpoint of any of the other 
requirements the Carnot is lowest in the list. 

(b) The Otto, Diesel and Dual Combustion cycles are rather closely 
balanced when all of the requirements are considered, and it is for this 
reason that the three corresponding types of engines are in close com- 
petition to-day in certain classes of work. In other fields some one of 
them may be far superior to the others. All three are very important 
at the present time. 

(c) The Carnot, Otto and Brayton cycles may be compared as to 
their processes of reception and rejection of heat. As has already been 
shown, in the Carnot cycle the working substance is at constant tem- 
perature during these processes. This cycle is therefore sometimes 
referred to as of the constant-temperature type. Similarly, since the 
working substance is at constant volume during the reception and 
rejection of heat in the Otto cycle, it may be called the constant-volume 
type. Likewise, since the heat-transferring processes in the Brayton 
cycle occur only at constant pressure, this cycle may be considered to 
be of the constant-pressure type. The other processes making up each 
of these ideal cycles are reversible adiabatics. 

(d) These same three ideal air standard cycles may be compared on 
the basis of having the same adiabatic compression ratio, rg. From 


Eq. (151) the efficiency of the Carnot is oe , which becomes 
1 
Lo Lae aes Ves 
4 Carnot = 1 Fe =] — T., =1— (7) =l1-— ) ’ (183) 


the last form of which is exactly the same as Eqs. (1596) and (179) for 
thé Otto and Brayton cycles, respectively. Thus, for an ideal gas, the 
constant temperature, the constant volume and fie constant pressure 
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types of ideal cycles all have the same efficiency provided they all have the 
same ratio of adiabatic compression. Since the statement is sometimes 
made that these three cycles have the same efficiency, it is very im- 
portant to note the conditions under which this is true, and to observe 
that they may not be feasible to adopt in commercial applications. 

(e) Only the better-known and more important of the cycles have 
been considered and compared in this chapter. Many other cycles have 
been proposed, and some of these have been actually used.?> Still 
others may yet be devised. 

(f) The consideration of ideal cycles enables the engineer to draw 
very important conclusions regarding the relative performance, size and 
cost of the different engines. Such conclusions may be thus reached 
with only a small fraction of the cost in time, labor and material that 
would be involved in the process of manufacture of the various types 
for experimental purposes. The study of the ideal cycles also furnishes 
one of the best measures of the performance of any actual engine, as 
will be seen in the next chapter. 


% See Glazebrook’s Dictionary of Applied Physics, Vol. I, pp. 279 to 311, and the 
more extensive treatises on Internal Combustion Engines. 


CHAPTER XII 
EFFICIENCIES AND PERFORMANCES OF ENGINES 


139. Significance of Efficiencies.—(a) In this chapter will be given 
the definitions of the various terms that are used by engineers to express 
many important ratios, called efficiencies, that are involved in the 
design and operation of all types of heat engines. The use of a particular 
name for each efficiency permits engineers to express themselves con- 
cisely and accurately, provided only that there is no confusion in the 
definitions of these technical terms. In some cases several different 
names have been commonly used for the same efficiency, hence the more 
important of these will be given in addition to those that are preferred. 
Most of those given in this chapter have now been standardized by the 
American Society of Mechanical Engineers in its Code of Definitions 
and Values and in its various Power Test Codes. Whether the form of 
heat engine under consideration be a steam turbine, a reciprocating 
steam engine or an internal combustion motor, the various efficiencies 
defined in this chapter will be applicable to each case, unless otherwise 
specified. 

(b) The power delivered by a prime mover is often determined by 
means of a brake-type of dynamometer, and hence is commonly referred 
to as the ‘‘ brake ”’ output, which may be expressed in terms of ‘ brake- 
horsepower.” The efficiencies that are based on it are termed “ brake 
efficiencies.” 

In many cases the engine is “ direct-connected ”’ to the machine 
that it drives and cannot conveniently be tested separately. Also, 
when the prime mover is very large, there may not be available a 
dynamometer of sufficient capacity to measure its power, but the 
output of the driven machine usually can be readily determined. 
Further, interest often lies primarily in the performance of the combina- 
tion of engine and driven machine. In these cases the complete unit 
is tested to determine its “‘ combined performance ”’ or its ‘‘ combined 
efficiencies.” 

(c) The efficiencies of prime movers usually change when the loads 
on the machines are varied. Engines are usually “ rated’ at powers 
at which they give about their most economical performances, and at 
the same time allow some “ overload capacity ”’ to meet larger loads 
in emergencies, 
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140. Carnot Efficiency.—It has been shown in Sect. 119 that the 
Carnot efficiency is (71—T:2)/T1, the symbols having the significance 
as defined in that section. When using the Carnot cycle efficiency 
as the standard of comparison for any real case in which an entire 
plant is considered, the values of 7’; and T'2 are to be taken respectively 
as the highest and lowest temperatures that occur within the whole plant. 
In case other apparatus besides the prime mover are involved with it, 
and it is desired to compare only the engine itself with the corresponding 
Carnot, the values of 7; and 72 are then to be taken as the highest and 
lowest temperatures, respectively, that occur in the working substance 
that is within the engine or in its immediate appurtenances. 


141. Ideal Cycle Efficiency.—This term signifies the efficiency of 
an ideal engine, or plant, operating on a cycle that corresponds closely 
to the one followed in the actual case under consideration. The real 
engine, or plant, always has losses due to some or all of the following 
causes: leakage, throttling, turbulence, friction and loss of heat by 
radiation, conduction and convection; and furthermore, if the engine be 
of an internal combustion type, or if the plant includes a steam boiler, 
there will also be losses due to the imperfections of combustion. All 
such losses are considered as entirely absent in any ideal cycle. Since 
Q, and Qo, as already defined, are respectively the heat supplied to the 
working substance and the heat rejected from it during an ideal cycle, 
their difference must represent the net work obtainable from this fluid 
as it passes through the particular ideal cycle involved. Hence, as 
given by Eq. (149), for the complete cycle of any working substance, 


The Efficiency of any Ideal Cycle = e& = (Qi — Q2)/Q1. 


142. Thermal Efficiencies.—(a) Of the heat supplied to an engine, 
the Indicated Thermal Efficiency (I. T. Eff.) represents the fraction, or 
percentage, that is transformed into mechanical energy at the piston. 
Since the latter energy is determined by an indicator, the reason for the 
name of this efficiency is apparent. Sometimes the phrase “ piston ther- 
mal efficiency ” is used instead. 

(b) The Delivered, or Brake, Thermal Efficiency (B. T. Eff.) 
is the term used to show what fraction, or percentage, of the heat sup- 
plied to an engine is actually delivered by it. Sometimes the alter- 
native terms “shaft efficiency ’’ and “ flywheel efficiency ” are used. 

(c) Similarly, the Thermal Efficiency of the Combined Unit, or 
Combined Thermal Efficiency (C. T. Eff.), shows what portion of the 
heat supplied to the engine has been delivered by the machine that is 
directly driven by it. 
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(d) In a steam plant, in addition to the prime mover and the 
machine it drives, there are boilers, with their furnaces, pipe lines, and 
various auxiliaries; hence, in determining the thermal efficiency of such 
a plant as a whole, the losses of all the equipment involved and the 
absorption of energy by the auxiliaries, must be considered. The 
Plant Thermal Efficiency (P. T. Eff.) is therefore the ratio of the energy 
delivered by the plant in a given time to the heat supplied by the fuel 
that it consumes during the same period. 

In most internal combustion engine plants the prime movers and the 
machines directly driven by them constitute the complete plant; hence, 
in such cases, the Plant Thermal Efficiency is also the Combined 
Thermal Efficiency. 

143. Mechanical Efficiency.—(a) The ratio of the power delivered 
by the engine shaft to that supplied to the piston is called the Mechanical 
Efficiency (M. Eff.), which may also be defined as the ratio of the 
brake horsepower to the indicated horsepower. The difference between 
these last two quantities represents the horsepower lost in the mechan- 
ism or, in other words, the “ friction horsepower.” If F is the ratio 
of the friction horsepower to the indicated horsepower, then 1—F is 
the Mechanical Efficiency. 

(b) Since the steam turbine does not permit using an indicator, 
its 1.hp. is not directly obtainable, and therefore its mechanical efficiency 
cannot be obtained by the ratio given in the first part of (a). In 
certain cases, however, it may be possible to calculate or estimate all 
of the mechanical losses in the turbine, and consequently its approximate 
mechanical efficiency may be determined. 

144. Engine Efficiencies.—(a) The ratio of the thermal efficiency of 
the engine to its corresponding ideal cycle efficiency is called its Engine 
Efficiency (Eng. Eff.). In the past it has often been termed the “ effi- 
ciency ratio,” but this name has now been discarded by the American 
Society of Mechanical Engineers for the one given above, which is the 
more expressive because this efficiency represents a real measure of the 
performance of an engine. It applies to all heat engines whether of the 
reciprocating or turbine types. From the definitions of the three 
thermal efficiencies given in Sect. 142 (a), (b) and (c), it follows that 
these are the three corresponding engine efficiencies. 

(b) The Indicated Engine Efficiency (I. Eng. Eff.) is given by the 
ratio (Indicated thermal efficiency)/(Ideal cycle efficiency), or by 
(Heat supplied per hp-hr. to the ideal engine)/(Heat supplied per 
i.hp-hr. to the actual engine). It shows how nearly the designer has 
succeeded in eliminating all leakage, turbulence, throttling and friction 
of the fluid, and, in the case of the internal combustion engine, it alco 
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indicates the perfection of combustion. It is evident that this efficiency 
shows how closely the actual engine has approached the corresponding 
ideal one, aside from the mechanical losses. 

(c) The Delivered Engine Efficiency, or Brake Engine Efficiency 
(B. Eng. Eff.), is given by the ratio (Brake thermal efficiency) /(Ideal 
cycle efficiency), or by (Heat supplied per hp-hr. to the ideal engine) / 
(Heat supplied per b.hp-hr. to the actual engine). Unless otherwise 
specified the unqualified term “‘ engine efficiency ” is understood to mean 
the ‘brake engine efficiency,” thus including the mechanical losses 
as well as the thermodynamic ones specified in (b). 

(d) The Engine Efficiency of the Combined Unit, or Combined 
Engine Efficiency (C. Eng. Eff.), which includes the losses in the direct- 
driven machine as well as those in the prime mover itself, is found 
from the ratio (Combined thermal efficiency)/(Ideal cycle efficiency) ; 
or, if the engine drives an electric -generator, this efficiency is deter- 
mined from the ratio (Heat supplied per kw-hr. to the ideal engine) / 
(Heat supplied per kw-hr. delivered by the generator). 

145. Heat Consumption.—(a) Since all heat engines are operated 
by supplying heat to them, their thermal performances, or those of the 
plants containing them, may be expressed in terms of the heat supplied 
to produce a unit of energy output, which is normally taken as the 
horsepower-hour, or the kilowatt-hour. The term “ Heat Consump- 
tion,” unless otherwise stated, is understood to mean the amount of heat 
required per wnit of energy output. Obviously it can be obtained by 
dividing the total consumption (T. C.) in a given time by the simul- 
taneous energy output. Evidently the Heat Consumptions (H. C.), 
expressed in B.t.u., for the different cases may be obtained in the 
following manner: 


H.C. peri. hp-hr. =T.C./(Totali. hp-hr.) =2545/(I. T. Eff.), 
H.C. perb. hp-hr. =T.C./(Total b. hp-hr.) = 2545/(B. T. Eff.), 
H.C. per kw-hr. =T.C./(Total kw-hr.) =3413/(C. T. Eff.) 


(b) The unit rate of heat supplied to an internal combustion engine, 
or to a steam plant, is the product of the heating value per poundof fuel 
and the amount of fuel used per unit of energy output. With steam 
prime movers, the determination of the unit rate of heat supply involves 
the use of the properties of steam and requires special definition which 
will be given later. 


146. Comparison of Methods of Expressing Performances.—(a) To 
the purchaser of an engine, the definite assurance of either a certain 
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heat consumption per unit of energy delivered, or a definite thermal 
efficiency to be obtained under the specified conditions of operation, is 
of the utmost importance because upon such a guarantee he may make 
correct estimates of the cost of fuel that will be needed to operate 
such an engine. These same measures of performance of engines and 
plants are of great value in analyzing the unit costs of operation, 
in B.t.u. or dollars. Also they are often used in making comparisons 
between different installations. 

(b) However, just because one engine has a higher thermal efficiency, 
or lower heat consumption, than another, it should not always be con- 
cluded that the first necessarily represents better design or construction. 
The case may be somewhat analogous to that of two water wheels of 
equally good design and manufacture, but one may require twice as 
much water to furnish the same power as the other because the “ hy- 
draulic head ” is half as great. Similarly, one heat engine may con- 
sume twice as much heat as another because its “‘ temperature head,’ 
with the conditions under which it is operating, may be only about 
half as large as with the latter. Further, under certain conditions, the 
gain due to high thermal efficiency may be offset by additional costs of 
equipment, or of operation, required for its accomplishment. 

(c) To the designer and builder of an engine the engine efficiency 
is of the greatest importance, because it shows the degree of perfection 
attained in reducing all of the losses that are under control, or, in other 
words, it indicates the success, under the particular limitations imposed 
by the conditions under which the engine has to operate, in utilizing the 
energy that is available. In case the designer or others are concerned 
only with certain changes in the engine, or in comparisons that involve 
only thermal losses, the indicated engine efficiency then becomes of 
primary interest. 

147. Effect of Load on Economy.—(a) The friction horsepower is 
the amount that is needed to overcome the mechanical friction of the 
engine. Even if an engine is delivering no power it requires a certain 
continuous supply of energy to keep it running, and consequently the 
mechanical efficiency is zero under the “‘no load” conditions. In 
most engines the friction remains nearly constant regardless of the 
amount of power that is being developed, hence this efficiency is highest 
when the engine is fully loaded, and it becomes less when the power 
output is reduced. Similarly, the thermal losses in most engines are 
such that the indicated engine efficiency is reduced when the load is 
decreased. On the other hand, the cycle efficiency in most cases is 
nearly independent of the load. The Diesel engine, however, is one 
exception to this last statement, since its cycle efficiency usually improves 
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with decreases in loads, as was shown in Chapter XI. The impairment 
of the “ engine efficiency ” with reduction of loads is usually sufficient 
to cause the delivered thermal efficiency to decrease also. 

(b) The wide variations of the thermal economies with the changes 
in the loads on engines give rise to the use of ‘‘ performance curves,” 
or “economy load curves,” in which the ordinates are the various effi- 
ciencies and heat consumptions, and the abscissas are either horse- 
power, kilowatts, or percentages of rated load. The heat consumptions 
and the various efficiencies are factors of very great importance. How 
some of these vary with changes in load in the usual cases is illustrated 
in (a) and (6) of Fig. 94, in which the abscissas are percentages of the 
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rated load. In the first of these it is assumed that the total consump- 
tion (T. C.) of heat by the engine per unit of time (for example, in 
B.t.u. per hour) obeys the straight-line law, the y-intercept being the 
heat per hour required to overcome the losses of the engine when 
it is not loaded. By dividing the ordinates of the TC-curve by the 
corresponding b.hps., it being assumed that the rated load is known, 
the ordinates for the curve of the unit rate (U. R.) of heat consumption, 
in B.t.u. per b.hp-hr., are obtained. The UR-curve in this case con- 
tinues downward as the load increases, even though the engine is 
loaded beyond its rated power. By making use of the curve of me- 
chanical efficiency, the curve of B.t.u. per i-hp-hr. can be obtained from 
the UR-curve on the b.hp-hr. basis which has already been drawn. 

In (6) in Fig. 94 is shown a TC-graph that is curved, and the corre- 
sponding UR-curves have low points of inflection that are immediately 
below the point where a straight line from the origin is tangent to the 
TC-curve. It is usually preferable to operate the engine at, or near, 
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the load that gives the minimum consumption, although this may 
not always be desirable when certain other economic factors or condi- 
tions of operation are considered, as will be seen later. Engines having 
UR-curves of this character are usually rated near this minimum point. 

In charts like those in Fig. 94, the ordinates, instead of being on the 
basis of heat consumption, may represent the corresponding amounts 
or costs of fuel or working substance; or they may be on the basis of 
proportionalities or percentages. 

How the other efficiencies vary with the loads will be considered 
later in connection with the discussion of each of the different kinds 
of prime movers. 

148. Summary.—The definitions of the several efficiencies that are 
most often used in the analyses of the performance of heat engines and 
power plants, and the relations between them are summarized as 
follows, the B.t.u. being taken as the unit of heat: 


Mechanical Efficiency gOS ae: THe. 
(M. Eff.) ips s Ia, 


_ Heat supplied per i-hp-hr. 


= : 4 
Heat supplied per b.hp-hr. Oe 
Indicated Eng. Eff. = ea ss 
(I. Eng. Eff.) Cycle Eff. 
Heat supplied per hp-hr. to ideal engine (185) 
~ Heat supplied per i.hp-hr. to actual engine’ 
Engine Efficiency Bee ee: 
(B. Eng. Eff.) Cycle Eff. 
___ Heat supplied per hp-hr. to ideal engine (186) 
~ Heat supplied per b.hp-hr. to actual engine’ 
Combined Engine Eff.=C. T.Eff.+ Cycle Eff. 
(C. Eng. Eff.) 
Heat supplied per kw-hr. to ideal unit (187 
~ Heat supplied per kw-hr. output from actual unit’ ) 
Indicated Thermal Eff.=Cycle Eff. XI. Eng. Eff. 
CLV EiT,) 
2545 
: . (188) 


~ Heat supplied engine per i.hp-hr.’ 
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Brake Thermal Eff. =Cycle Eff.xB. Eng. Eff. 
(By TE) OBAK 


~ Heat supplied engine per b.hp-hr. 


(189) 


Combined Th. Eff. = Cycle Eff. x B. Eng. Eff. x Eff. of driven mach.(190a) 


(COR Abe ae) 
3413 
= : (1906) 
Heat supplied eng. per kw-hr. of elec. generator out put 
45 
Plant Th. Eff. == oar = : | (1914) 
(P. T. Eff.) eat supplied plant per hp-hr. deliv. by plant 
3413 
(1916) 


~ Heat supplied plant per kw-hr. deliv. to switchboard. 


CHAPTER XIII 
INTERNAL COMBUSTION ENGINES 


TYPES AND MECHANICAL FEATURES 


149. Introductory.—(a) In one type of engine the combustion of the 
fuel takes place within the working cylinder and the products of com- 
bustion constitute the working substance. These are called Internal 
Combustion Engines, and to them this chapter is devoted. In other 
types the working substance is heated before it enters the cylinder and 
it is not composed of the burnt gases. Such prime movers are Ezternal 
Combustion Engines. Steam engines and turbines are in this class, as 
the steam receives its heat in the boiler, which is separate from the 
power unit. Hot-air Engines also are of this type, the air being heated 
externally to the working cylinders. These engines are of interest 
principally because they generally use a regenerative cycle such as those 
of Stirling or Ericsson. However, relative to the power output, they 
are bulky and costly; and their actual efficiencies are quite poor. 
Because their application is very limited they will not be considered 
further in this text.! 

(b) It is the purpose of this and the following chapter to show, very 
briefly, how a few typical actual internal combustion engines operate to 
carry out their cycles, and to discuss, also briefly, the method of deter- 
mining the sizes needed for a given power generation, and the per- 
formances and efficiencies that are obtainable. The properties of the 
fuels used and their combustion will be considered later. 

150. Some General Types of Internal Combustion Engines.— 
(a) The longitudinal section of a medium size, Otto four-stroke cycle 
engine is illustrated in Fig. 95, in which the more important parts are 
labeled. During the suction stroke of such an engine the inlet valve 
is held open so as to allow the combustible mixture to flow into the 
cylinder. This valve then closes and the compression stroke occurs. 
After ignition and combustion, the expansion stroke takes place, and 


1¥For detailed information regarding hot-air engines, see Carpenter and Diede- 
rich’s ‘‘Experimental Engineering,’ Rankine’s “Steam Engine,” Roentgen’s 
“Thermodynamics,” and Encyclopedias. 
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is followed by the exhaust stroke, during which the exhaust valve is 
kept open by the valve gear. Thus there are the two strokes, suction 
and exhaust, which do not produce power, but, instead, absorbit. How- 
ever, they insure a fairly complete and pure charge of combustible mix- 
ture for the combustion process, and this may more than offset their 
disadvantage. The four-stroke cycle requires two revolutions of the 
crank, hence the valve-operating mechanism is driven at half speed 
from the main shaft. An automatic governor controls the supply of 
working substance so as to maintain substantially constant speed under 
all loads. Only one side of the piston is acted on by the working sub- 
stance, hence the engine is said to be single-acting. The cylinder and 
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1a. 95.—Longitudinal Section of an Otto Four-stroke Cycle Engine. 


head are water jacketed, and the piston is of the trunk or bucket type, 
with no special provision for cooling it. 

(b) Figure 96 shows diagrammatically a large engine of the Koerting 
type that uses the two-stroke Otto cycle and, further, is double-acting. 

This engine has separate pumps for supplying the air and gas under 
slight pressure. With the piston in the position shown, the working 
stroke has just been completed at the left end of the cylinder, the 
spent gases are leaving through the central exhaust ports, which have 
been uncovered by the piston, and these gases are being replaced by 
the combustible mixture which is entering through the inlet valve I. 
The piston, in addition to its usual function, acts also as an exhaust 
valve. When it moves to the left it closes the exhaust ports, and 
compresses the fresh charge, the inlet valve now being closed. Upon 
reaching the extreme left position ignition occurs and the power stroke 
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begins. This stroke continues until the exhaust ports are again uncov- 
ered by the piston, thus completing the two-stroke cycle. The right- 
hand end of the cylinder performs in a similar manner. Each end 
of the cylinder has one valve, the inlet, and has a working stroke at 
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Fic. 95.—Diagram of Koerting Double-acting Two-stroke Cycle Engine. 


each revolution of the engine. The vaive gear would be driven at the 
same speed as the engine shaft. 

(c) Figure 97 shows a small single-acting, vertical two-stroke cycle 
engine in which the mixture is admitted to the crank case, where it is 
compressed by the underside of the 
piston, which acts as a pump during 
the down stroke. The opening of the 
inlet and exhaust valves are replaced 
by the piston uncovering the inlet 
and exhaust ports when it is near the 
end of its stroke. The fresh charge, 
under slight pressure, enters the 
cylinder through the inlet port and is 
so baffled as to assist in driving out 
the burnt gases. There are many  yy¢, 97—Two-stroke Cycle Engine 
other arrangements for compressing with Crank-case Compression. 
and admitting the charge. 

(d) As compared with the four-stroke cycle engine having the same 
cylinder size and speed, the two-stroke cycle engine might be expected 
to develop double the power. Actually, however, the power output 
is not doubled, but is increased in the ratio ranging from 1.7 to 1.9. 
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This may be partly due to imperfect charging of the cylinder and to 
waste of unburnt combustible mixture through the exhaust ports, and 
partly to the expenditure of energy in pumping. For these same 
reasons the usual two-stroke cycle engine is not in general as economical 
in the utilization of fuel as the four-stroke cycle one. Also, it may 
be limited to lower rotative speed in order to provide time for the 
substantial completion of the exhaust and charging processes. Extra 
“ scavaging ”’ air may be introduced to clear the cylinder of spent gases 
before admitting the new charge, but this may be done at the expense 
of additional pumping and consequent energy absorption, and may 
involve considerable complication of mechanism. 

The two-stroke cycle engine will have a more uniform turning effort 
on the crank shaft,.and hence require a smaller flywheel, and it can 
dispense with the inlet and exhaust valves, thus discarding their valve 
gear mechanism, and making the cylinder head less complicated. 
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Fic. 98.—Twin, Tandem, Double-acting, Four-stroke Cycle Engine. 


Hence, per horsepower of capacity, the two-stroke cycle engine has 
lighter weight, costs less, and occupies a smaller space than the other. 

(e) The single-acting four-stroke cycle engine has one impulse in 
two revolutions, i.e., in four strokes; the corresponding two-stroke 
cycle engine has a cycle each revolution, or every two strokes; the 
double-acting engine of the latter type develops power at each stroke 
with consequent saving of weight and space, but involves some added 
complications.” 

If two cylinders are arranged in tandem, so that one is behind the 
other on the same piston rod, they will give double the power of a single 
cylinder, while using the same frame, connecting rod and crosshead 
that the latter would have. If two horizontal engines are side by side 
and drive the same shaft, they are called twin engines. Fig. 98 shows a 


2See C. E. Lucke’s ‘‘Large Oil Engines with Special Reference to the Double- 
Acting Two-Cycle Type.” Trans. A.S. M. E., 1924. 
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twin-tandem, double-acting, four-stroke cycle engine. A similar ar- 
rangement may, of course, be used with the two-stroke cycle, in which 


case there would be as many impulses 
per revolution in each tandem element 
as occur in a single-cylinder double-act- 
ing steam engine. 

(f) Vertical engines may be single or 
multi-cylinder ones. In the latter, the 
cylinders are arranged in line with as 
little space as possible between them, 
and they are termed two-cylinder vertical, 
three-cylinder vertical, etc., depending on 
the number of cylinders. <A_ three- 
cylinder vertical engine is shown in Figs. 
99 and 100. As many as six or eight 


Fia. 99.—Three-cylinder Gas 
Engine. 


cylinders in line are sometimes used. The turning effort on the shaft 
is improved by having a multi-cylinder arrangement, and a lighter 


weight of flywheel may be used than 
with a single cylinder engine of the 
same power. Also, the engines can 
be better “balanced,” so as to pre- 
vent vibrations. Because of the 
intense heat to which it is subjected, 
there is a limit to the size of the 
uncooled piston that can be used, 
hence the multi-cylinder arrange- 
ment is often adopted for large 
powers for this reason as well as 
for the others already given. 

(g) In the engines thus far 
shown the cylinders and heads 
were water jacketed, the cooling 
medium being constantly supplied 
to keep the parts from becoming 
overheated. In double-acting en- 
gines the pistons and piston rods 
are made hollow, and cooling water 
or oil is circulated through them. 
Large trunk pistons are also some- 
times similarly cooled. Likewise, 


the larger exhaust valves and stems are usually made hollow and 
water is forced through them. 
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The cylinders and heads of small engines may be air-cooled, extra 
surface for this purpose being obtained by ribbing, as in Fig. 101, and 
special means for forcing air over the surfaces often being provided. 
This system of cooling, however, is not adequate for large cylinders 
because, as the size is increased, the volume, which is an important 
factor in determining the amount of heat generated, and which is a 
cubic function of the cylinder diameter, increases faster than does the 
surface, which is a second power function, and 
hence there is a limit to its applicability. 

(h) When the main shaft has a crank pin 
that is supported by crank webs on both sides 
and that is located between two main bearings it 
is called a center-crank arrangement. <A _ side- 
crank engine is one which has a crank pin that 
is overhung from a single crank arm and that 
has a main bearing on one side only. 

151. Gas Engines——In Sect. 32 there was 
given, in connection with Fig. 12, a brief descrip- 
tion of the method of using in large engines the 

Fig. 101.—Air-cooled gases from a blast-furnace plant. Fig. 102 
Engine. shows the cross-section of such an engine, the 
largest of which so far built has double-acting 
cylinders 59 inches in diameter and a stroke of 59 inches.? The inlet 
and exhaust valves are operated by a valve gear which receives its 
motion from a “ lay shaft,” or “ half-time shaft.” Fig. 98 illustrates a 
large twin-tandem blast-furnace gas engine. The longitudinal section 
of a small single-acting gas engine has already been shown in Fig. 95, 
and other gas engines are shown in Figs. 96, 98, 99 and 100. Some of 
these engines operate on the two-stroke and others on the four-stroke 
Otto cycle. 

The supply of gas, or of mixture of gas and air, furnished during 
each cycle to such engines, is usually controlled by an automatic gov- 
ernor, and can also be adjusted by hand. The methods of governing, 
the various kinds of mixing valves and ignition devices, and the many 
possible arrangements of engines will not be considered at this point. 


152. The Gasoline Engine.—(a) Gasoline is relatively an expensive 
fuel and hence is adopted for the production of power only when a 
small output is needed or when other considerations, such as con- 
venience or pleasure, offset this cost. It is used in farm, contractors’ 


5 “The Gas Engine in the Steel Industry,” by A. C. Danks, in Mechanical Engi- 
neering, 1924. 
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and other kinds of small stationary engines and in automobile, motor- 
boat, airplane, and other automotive engines. As gasoline volatilizes 
readily at ordinary temperatures, a carburetor is commonly employed 
on the latter engines to atomize and mix it with the amount of air 
needed for supporting its combustion. Fig. 103 illustrates a simple 


Mixing 


Fig. 102.—Large Gas Engine. 


form of a carburetor. In this device the float maintains the gasoline 
in the chamber at a level just below the tip of the central nozzle. 
The rapid passing of air past this nozzle causes the gasoline to overflow 
and atomize, and thus to become entrained in the air which is being 
drawn into the cylinders by the movement of the pistons during the 
suction strokes. On automotive engines, which must operate over a 
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wide range of speeds, the main throttle valve is controlled by hand, and 
at high speeds of the engine the mixture ratio tends to become too rich, 
hence the carburetor is often provided with an auxiliary valve which is 
so arranged that the increased suction will cause it to open and admit 
additional air to dilute the mixture. With engines which operate at 
constant speeds the auxiliary air valve is not needed. 
In Sect. 30, in connection with Fig. 10, was given a brief description 
of an automobile engine and its method of functioning. 
(b) In gasoline engines of the 
1 stationary type, “carbureting 
Weight th Naive | aA aie vate valves,” or other simple devices, 


,,, are often substituted for the car- 
Tf 
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i buretor; and the supply of fuel or 
-=| Float I 5 “ 5 
= {| E (AX i of the mixture is automatically 
=| ETE —=4 i ir . 
SSS HiJ—inee | -regulated by some kind of a 
ee — “* governor.” 
Float Needle Valve é . 
Metering Needle Valve Gasoline engines are nearly 
Gasoline Inlet et always single acting and _ have 
Fra. 103.—Simple Carburetor. electric ignition of* some kind. 


Those for automobiles and airplanes 
commonly use the Otto four-stroke cycle. For other service the 
two-stroke Otto cycle is often used. The cylinders of these small 
engines may be either water or air cooled, and the pistons are not 
provided with any special cooling medium. 

In automobile engines the compression ratio is usually limited to 
about 5, and often is less, to avoid trouble from detonation. The cor- 
responding pressures at the end of compression usually range from 60 to 
95 lb. per sq. in. The largest diameter of uncooled piston found feasible 
to use in automotive engines is not much over 5 inches. Alcohol, 
benzol, and other volatile fuels, may be used in a carburetor either 
singly, or in combination with each other, or blended with gasoline, 
the engine being substantially the same as for the latter fuel, except 
for a possible change in the clearance volume, so as to use a more 
suitable compression ratio.* 

153. Kerosene Engines.— Kerosene gives off little vapor at ordinary 
temperatures and therefore it is more difficult to form a proper mixture 
of fuel and air with this fuel than with gasoline. Although cheaper 
than the latter, it is nevertheless costly relative to some of the other 
liquid fuels that are available, hence its application is limited usually 


4 For supplementary reading see any of the numerous texts on automobile, air- 
plane and other small high-speed engines. 
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to small engines of the types used on farms and by contractors. Under 
very favorable conditions a carburetor may be used, as with gasoline, 
except that it is heated, usually either by the jacket water or the exhaust 
gases; but under ordinary conditions considerable tar and carbon will 
be deposited in the cylinder and spontaneous ignition may occur under 
heavy load. The injection of water, in the form of vapor or fine spray, 
into the combustible mixture helps to overcome these difficulties, 
hence a water ‘‘ carburetor” is often added, or is combined with the 
one for the kerosene. 

The expedients usually employed, either singly or in combination, 
to use kerosene successfully, are (1) using a much finer spray than with 
gasoline, (2) heating the liquid to a much higher temperature, (3) heat- 
ing the air supply, (4) passing the mixture over a hot surface, (5) using 
a mixture of kerosene and gasoline with proportions varied to suit the 
load, and (6) using gasoline alone for starting. The use of two extra 
strokes after suction, to thoroughly vaporize and mix the kerosene, 
has also been proposed but involves a larger engine for the same power 
and speed. 

Kerosene engines generally follow the Otto cycle and are most satis- 
factory when the load does not change rapidly. .They require especially 
careful cooling of the cylinder head, and the avoidance of hot spots within 
the combustion chamber, to prevent preignition. The charge is usually 
electrically ignited. The compression pressure is usually less than 
65 lb. per sq. in., or a compression ratio below 33, to avoid detonation 
and consequent ‘‘ knocking.’ Principally because of the low com- 
pression, poor vaporization and the considerable choking action needed 
through the throat of the vaporizer, and fuel mixer, which lowers the 
volumetric efficiency, these engines are generally less economical in the 
consumption of fuel than are those using gasoline. Jor the various 
means of using kerosene, and for a description of the special mechanical 
features involved, see reference books specially devoted to smali engines 
of this type.® 

154. Oil Engines.—In this connection the term “ oil” is limited to 
those liquid fuels that have little volatility and are relatively viscous, 
or “‘ heavy.” The oils generally used are comparatively cheap. Thus 
kerosene, gasoline, benzol, alcohol, and other of the lighter and more 
expensive liquid fuels, are not included. 

Oil-using engines may be classified as low-compression hot-vaporizer 
ones, Semi-Diesel medium-compression ones, and Diesel high-compres- 


5“Warm Gas Engines,” by Hirshfeld and Ulbricht and ‘‘The Gasoline Auto- 
mobile,” Vol. IV, by P. M. Heldt. 
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sion ones. However, it should be noted that it is difficult to classify 
some engines, and that a change in the character of the fuel, or in the 
operating conditions, may modify the method of functioning of a given 
engine to such an extent as to shift it into another class. 

155. Low-compression Oil Engines.—(a) These engines are also 
said to be of the “ surface ignition ”’ or “‘ hot vaporizer ”’ type. Com- 
mercial engines of this kind nearly always follow the Otto two-stroke 
cycle and use a compression that terminates with 
a pressure varying from 70 lb. per sq. in. for light 
oils up to 140 with those that are heavy. The 
temperatures at the end of compression are not 
= high enough to cause ignition, hence reliance is 
placed on assistance from some hot part of the 
Soests metal in the clearance space. 

(b) In one design, (A) in Fig. 104, most of the 
clearance volume is in a separate combustion 
chamber, which is in the cylinder head and which 
ay has only a small neck connecting it to the cylinder. 
fl if-Stertes Part of this chamber is not water jacketed and 
hence becomes very hot. After a cycle is com- 
pleted, this cavity remains filled with spent gases. 
‘(cy Into it the fuel is injected and is supposed first to 
become “ cracked,’—1i.e., the heavier hydro-carbon 
constituents break up into lighter and less com- 
plex ones,—and then vaporization occurs,—ignition, 
however, cannot take place because of the absence 
of oxygen. As is usual in the two-stroke cycle 
engine, the air for combustion is compressed in the 
crank case, or in other space, by the crank side of 
Fra. 104. the piston, and enters the cylinder through the 
inlet ports when they are uncovered by the piston, 
just after it has exposed the exhaust ports. On the return stroke the 
piston compresses this air and finally forces it through the inert gases 
in the combustion chamber and brings it into contact with the fuel 
vapor therein. Ignition then results and expansion takes place, 
driving out the piston until the exhaust and air inlet ports are again 
uncovered, thus completing the cycle. 

(c) The hot-bulb arrangement, (B) in Fig. 104, is somewhat similar 
to the one just described except that the chamber is smaller and its shell 
has a lip that projects into the cylinder. The oil is dropped onto this 
heated lip and the resulting vapor and surrounding burnt gases are 
driven into the bulb by the air during compression. Near the end of 
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the stroke the air is forced into contact with the heated vapors and 
ignition occurs. This and the foregoing type are especially suitable 
when the fuel consists of the heavier oils that are not easily volatilized. 

(d) Another type, see (C) in Fig. 104, uses a dished hot-plate which 
is attached to the end of the piston and which retains so much heat 
and is at a sufficiently high temperature that when the oil is injected 
toward it, as the piston is approaching the end of the compression stroke, 
the fuel is vaporized and ignition follows. 

(e) In a fourth type, (D) in Fig. 104, a sealed hot-tube projects 
through the water-jacketed cylinder head into the clearance space 
where it becomes heated to a high temperature The oil is dropped 
onto this tube which vaporizes it, and aids in causing ignition to occur 
near the end of compression. Tor starting the engine a torch is used 
to heat a part of the tube that projects outside of the cylinder for that 
purpose, or the tube may be removed for heating. These last two 
engines are best suited to the use of the lighter oils. 

(f) For starting, engines of the separate-combustion-chamber and 
hot-plate types may be provided with small hot-tubes which may be 
heated by a torch. In the hot-bulb engine the bulb projects through 
the cylinder head and can be directly heated by external means. 

(g) These two-stroke cycle engines do not become completely cleared 
of exhaust gases, and in the separate-combustion-chamber and hot-bulb 
types reliance is placed on a stratified layer, or blanket, of these remain- 
ing burnt gases to prevent the compressed air from reaching the vapor- 
ized fuel before the proper time. In the other two cases, the design 
is such that the temperature needed to cause ignition is not reached 
until compression is about completed. Under heavy loads it is often 
necessary to use water injection in all these engines in order to prevent 
preignition from occurring. The processes of cracking and vaporization 
take a relatively long time, hence to provide for their completion the 
fuel must be injected when the crank is at a considerable angle, 20 to 
40 degrees, preceding the dead center position for starting the working 
stroke, and the engines must not be operated at rotative speeds that 
are too high. 

Since these low-compression engines commonly use the two-stroke 
cycle and have low maximum pressures, they are relatively small and 
cheap for a given power output. As they are simple and reliable and 
can be operated by unskilled attendants, they have been used in great 
numbers in medium sizes, say, from 10 hp. to 200 hp.,° although they 
are not as economical in the use of fuel as are the engines using higher 
compressions. 

6 For a further study of these engines see Morrison’s ‘‘Oil Engines.” 
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156. Semi-Diesel Engines.—(a) To fall strictly into this class an 
engine must have a compression sufficient to produce a temperature 
that will cause ignition to occur without other assistance, and the fuel 
must be burned with dual combustion. Many engines are now built 
to approach these conditions, although in some of them a hot-bulb 
vaporizer is included as an extra precaution to meet certain emergencies 
that may develop. They are also called Dual-Combustion Engines, 
Medium Compression Engines, and Mixed Cycle Engines; they use 
either the two-stroke or four-stroke dual-combustion cycle, the ideal of 
which was considered in Sect. 133. In all cases the air contains no fuel 
while it is being compressed. 

(b) In these engines the oil is introduced in such manner that part 
of it burns substantially at constant volume and the remainder at 

Rees constant pressure. This dual process is 
accomplished by injecting one portion of 
the fuel after the other, or by delaying or 
prolonging the ignition or by other methods, 
only a few of which will be discussed. As 
1 this type of engine is comparatively recent, 
many of the elements are still covered by 
7 patents. 

(c) The Hvid, or Brons, pre-combustion 
device, Fig. 105, has an uncooled fuel cup 
with fuel admission and metering valves 
leading thereto. During the air admission, in 
a four-stroke cycle, the fuel charge is deposited 
in the cup which has very small perforations 
around its base. At the end of compression the hot air forces its way 
through these openings and the more volatile portion of the fuel- 
charge explodes at approximately constant volume and sprays the 
remainder into the cylinder in which much of it is burned substantially 
at constant pressure. The small size and the limitation of the number 
of holes possible to use make this method usually inapplicable to 
engines of over 30 hp. per cylinder end. 

(d) Divided combustion can be partly accomplished by employing a 
more ample chamber with larger holes than the foregoing and by inject- 
ing the fuel in an atomized form into this chamber just before the end 
of compression. Under these conditions part of the combustion occurs 
at constant volume within the chamber and the remainder at constant 
pressure outside of it, after the piston has started on its power stroke. 

In other engines, which use fuels that have light constituents, the 
more volatile parts burn first, perhaps assisted by a heated vaporizer, 


Fig. 105.—Hvid Pre-com- 
bustion Arrangement. 
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followed by the delayed combustion of the heavier portions, after the 
piston has started its power stroke. Delayed combustion may also 
be brought about by compressing into a separate clearance pocket 
part of the air which does not come in contact with the fuel until com- 
bustion has progressed somewhat. 

(e) In the dual injection arrangement a primary charge is followed 
by a secondary one. In Fig. 106 is shown an engine having super- 
compression, the air entrapped in the annular space a becomes highly 
compressed and, issuing through the small space around the projecting 
plug on the piston, enters at high velocity the combustion space where it 
meets the spray of fuel. In other arrange- 
ments the air from the annular space 
may be forced through a small passage yore 
in such a manner as to blow into the 
combustion space the fuel charge which 
has been previously deposited in a suit- 
able recess. In the Price arrangement 
two jets are made to impinge on each 
other in the middle of a combustion 1. 106.—Super-compression 
chamber which is approximately spherical. pope nen: 

(f) The fuel may be sprayed into the cylinder by compressed air, 
in which case a multi-stage air compressor is included as part of the 
engine, but generally solid injection is used, the fuel being pumped at 
high pressure, often over 4000 lb. per sq. in., through suitable nozzles 
which cause it to break up into minute particles and mingle with the 
compressed air in the cylinder.’ 

(g) Semi-Diesel engines use either the two- or four-stroke cycle, and 
generally use compression pressures of from 275 to 350 lb. per sq. in., 
the amount depending on the method of preparing the fuel mixture— 
in one case as low as 200 Ib. per sq. in. being used. The maximum pres- 
sures within the cylinder are usually from 400 to 600 Ib. per sq. in. 
These engines have mechanisms that are somewhat less complicated 
than in Diesels. They are less costly, give substantially as good fuel 
economy, and usually require less-skilled attendants than with the 
latter, hence are serious competitors in sizes, say, below 150 hp. 

157. Diesel Engines.—(a) Of all types of commercial internal com- 
bustion engines now built, the Diesel usually gives the best performance, 
and hence it is quite commonly used in land and marine applications, 


7See R. Matthew’s ‘‘Atomization Obtained in Fuel Nozzles of Solid-Injection 
Oil Engines,” in Power, Oct. 13, 1925. Also “Spray Penetration with a Simple 
Fuel-Injection Nozzle,’ Technical Note No. 238, National Advisory Committee for 
Aeronautics. 
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It may follow either the two- or four- 


stroke Diesel cycle, the ideal form of which was discussed in Sects. 130 


especially in the larger sizes. 


It compresses the charge of air to about 500 lb. per sq. in. 


(practice usually ranges from 450 to 550) which results in a temperature 
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sufficiently high to ignite the fuel when it is injected in the form of a fine 
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(b) Longitudinal Section 


Fria. 107.—Small Diesel Engine with Air Injection. 


spray. Until comparatively recently an air blast has been used to intro- 
Now, some engines use other means. 
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(b) When 
the blast must be very much higher than that at the end of compression 


so as to propel the fuel with such high velocity that it is “ atomized ”’ 
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or “ pulverized ” and is distributed through the main mass of compressed 
air in the cylinder. As the injection air is relatively very cold and 
encases the atomized fuel more or less perfectly, the compression of the 
main air must be carried to a higher degree than would otherwise be 
necessary to cause ignition. The injection pressure is varied to suit the 
load and ranges from 700 lb. per sq. in. for light loads to as high as 
1200 for maximum demands. This auxiliary air is generally compressed 
in a two- or three-stage compressor, which is usually driven directly 
by some part of the main engine and uses from 7 to 15 per cent of the 
power developed. 

(c) The elements of a power plant having an air-injection Diesel 
engine were illustrated in Fig. 11 and briefly described in Sect. 31. Fig. 
107 shows diagrammatically the principal parts of such an engine which 
is of small size and uses the four-stroke cycle. In this case the water- 
jacketed, two-stage air compressor receives its motion from the main 
connecting rod. Usually, however, especially if the engine is a large 
one, the compressor is driven by a crank on the main shaft, as in Fig. 
108. The fuel injection nozzle is quite complicated and is relatively 
smallin diameter. The one in views ee, 

(a), (b) and (c) of Fig. 107 is shown Cam Shaft Governor 
disproportionately large for clear- Poa at 


ness. The type of nozzle illustrated as == ae 
and others will be discussed later, TF Nii / - 


in Sect. 162(b). itt; ce |i 
The injection, air inlet, and e it : A Vi ) 
exhaust valves shown in the longi- ip SIZ 
tudinal section (b) are actuated by 2 

cams on the half-time lay shaft fe. 108.—Four-cylinder Diesel. 
illustrated in the main figure (qa). 

In addition to these valves, one or more cylinders of an engine are 
also provided with ‘‘starting valves,’ which can be used to supply air 
under pressure to those cylinders for starting the engine. 

(d) In an attempt to save the power used by the injection-air com- 
pressor, and to simplify and reduce the cost of the engine, many schemes 
for using what has been variously termed the mechanical injection, 
airless injection, or solid injection, of the fuel have been developed. In 
these, at the proper time, oil is supplied, by one or more pumps, to the 
working cylinders under a pressure of 4000 Ib. per sq. in. or more, and 
is forced through specially designed nozzles that produce the necessary 
fineness of spray. 

(e) In order to reduce the weight, size and cost for a given power, 
Diesel engines may be made to follow the two-stroke cycle; and many of 
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the recent machines of this kind approximate the fuel economies obtained 
with the four-stroke cycle quite satisfactorily, especially in the larger 
sizes. Tig. 109 illustrates one arrangement of such an engine, the water 
jackets not being shown. This 

L. starting Air has exhaust ports which are un- 
covered by the piston when at 

Pump for air used the end of its power stroke, and 
ani for combustion in the cylinder head has inlet 
valves A, A (sometimes as many 
as four are used) through which 
air under a slight pressure is 
admitted from an air pump P, 
to scavenge the cylinder while 
the exhaust ports are open, and 
also to provide a charge of air 
for the compression process, 
which begins as soon as the ex- 
haust ports have been covered 
by the piston on its up stroke. 
With this “valve scavenging” 
arrangement, the cylinder head 
is complicated and somewhat 
dificult to construct with ade- 
quate provision for cooling. In 
order to avoid these undesirable features and to eliminate the neces- 
sary valve gear, some engines use “ port scavenging,” in which, for 
he valves A, A, are substituted azr ports which the piston un- 
covers when at the bottom of its stroke, as shown in Fig. 109(6). 
In the arrangement illustrated, valve C is kept closed while the 
piston descends, and the top of the lower port D is below that of the 
exhaust port H so that it will not be uncovered until after the pres- 
sure within the cylinder has fallen below that of the scavenging air. 
The piston top is curved in order to deflect the entering air so that it will 
clear the cylinder as completely as possible. On the up stroke the 
piston closes this lower air port while the exhaust is still open, hence the 
air entrapped would be at atmospheric pressure at the beginning of 
compression, if no other air port than D were used. However by open- 
ing valve C at the proper time, the compression can be made to begin 
with a pressure equal to that of the scavenging air, the resultant “ sur- 
charging’ making it possible to obtain an increased mean effective 
pressure. There are various other schemes possible for double port, 
single port, and valve scavenging; also the latter two may be combined. 
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(f) The so called ‘‘ scavenging ” pump, or compressor, or blower, 
required with a two-stroke cycle engine, usually is designed to develop 
an air pressure of from 2 to 7 lb. per sq. in., gage. It may be of the 
older, direct coupled, reciprocating type, in which case it is quite large; 
or it may be an independent unit, or possibly a geared unit, which 
operates at high speed and hence is relatively small. In some cases 
the crank end of the cylinder is used for this compression, the piston 
having a rod which, passing through a stuffing box in a cylinder head, 
is attached to a crosshead to which the connecting rod is coupled. By 
having sufficient clearance volume and receiver space any desired blast 
pressure may be maintained. Sometimes the crosshead and piston 
rod are also used on four-stroke cycle engines, but, as with the type 
under discussion, this results in a higher engine and a more costly one 
than when the usual trunk type of piston is used. Another arrange- 
ment for furnishing scavenging air has a stepped piston, the shoulder 
being used for the compression. 

(g) To reduce still further the size, weight and cost of the engine, it 
may be made double acting. The more usual arrangements have piston 
rods and crossheads, the piston and rod being made hollow and being 
cooled by water, or oil, which is circulated through them. In such 
engines the bottom head is very complicated and difficult to design. 
In another arrangement the upper and lower ends of 


a water-cooled piston reciprocate in the two ends of 
a double cylinder. At its middle the piston has two 
connecting rod pins which are located diametrically 


opposite each other, and the two sections of the cylin- : 
der are spaced far enough apart to provide for the : : 
motion of these parts. 
In order to eliminate entirely the cylinder heads 
and the inlet and exhaust valves, some engines are : 
made with opposed pistons, such as were first used by. 
Oechelhauser for two-stroke-cycle gas engines, and 
later applied to Diesels by Junkers and others. The 
Junkers arrangement is shown in Fig. 110 withairand = = 
exhaust ports respectively at A and £. In multi- delet 
cylinder engines of this type the lower piston of one = 
cylinder may be cross-tied to the upper one of the next, Fic. 110.—Diesel 
thus eliminating the extra pairs of connecting rods Engine with Op- 
that otherwise would be necessary. posed Pistons. 
(h) The intense heat to which the pistons in Diesel 
engines are subjected limits their diameter to about 20” if not specially 
cooled. Engines with water-cooled pistons have been built to develop 
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1000 hp. per working end of cylinder, and such pistons as large as 34.45 in. 
in diameter have been used in double acting two-stroke cycle engines.® 

In developing the Diesel and semi Diesel engines for automotive 
applications there are many serious difficulties to be overcome, among 
which are the relatively large weight per hp., the metering of the minute 
quantities of oil used per stroke, the proper atomizing, distributing and 
burning in the almost infinitesimal time available, and the obtaining 
of flexible and definite control.9 

While the foregoing discussion has been with respect to vertical 
Diesel engines, it applies also to horizontal ones, and much of it likewise 
pertains to engines using other cycles. There are a great many different 
types of engine parts and many arrangements other than these considered 
here. For further study see references at end of the next chapter. 

158. Classifications of Engines——The general type of an engine is 
described by stating the various classes into which it falls. It may be 
classified in the following ways: (1) As to cycle (Otto, Diesel, etc.); 
(2) as to strokes per cycle (two or four strokes); (8) as to the kind of 
fuel used; (4) as to use,—(a) stationary, (b) portable, (c) automotive 
(automobile, marine, aircraft); (5) as to position of cylinder axis,— 
(a) vertical, (b) horizontal, (c) inclined, (d) ‘‘ V,” (e) star; (6) as to 
action,—single- or double-acting; (7) as to cylinder arrangement,— 
(a) twin, (6) multi-cylinder, (c) tandem, (d) opposed; (8) as to gov- 
erning, — hit-and-miss, throttling, quality, etc.; and in many other 
groupings. Thus an engine may be described, for example, as a marine, 
vertical, single-acting, two-stroke cycle, six cylinder, solid injection, 
low speed, Diesel engine. 

159. Methods of Governing Otto Engines.—(a) Stationary engines 
are generally mechanically regulated to maintain approximately constant 
speed of rotation. Automobile and marine engines are commonly hand- 
governed, although they are sometimes fitted with a limit governor to 
prevent overspeeding, or ‘ racing.” 

(b) In order to govern or regulate an engine, the i.hp. must be 
varied to suit the demand. There are three available methods of 
doing this: (1) The amount of energy made available per cycle may 
remain constant, but the number of cycles per unit of time may be 
changed; (2) the number of cycles may remain constant and the 
amount of energy made available per cycle may be varied; and (3) a 
combination of the two preceding may be used. 

§ “Recent Diesel Engine Developments,” by P. L. Scott, London Soe. of Auto- 
motive Engineers, Oct., 1925. Recent Oil Engine Developements, Diesel Engine 


Users Association, Apr. 17, 1925, or Mechanical Engineering, Oct., 1925. 
* See Diesel Automotive Engines, P.M. Heldt, Automotive Industries, June, 1926. 
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(c) In general, there are four different ways of applying these 
methods. They are called: (1) hit-and-miss governing, (2) quantity 
governing, (3) quality governing, and (4) combination systems. These 
are each considered in detail in the following paragraphs. 

(d) In hit-and-miss governing the number of working cycles per 
unit of time is varied so as to adjust the average i.hp. to the demand 
for power. With this system, some part of the mechanism for opening 
the inlet valve is under the control of the governor, so that when a 
“ working cycle” is to occur it hits another part and opens the valve, 
but when the cycle is to be omitted it misses engagement and the valve 
remains closed. When a “miss” occurs, not only does the inlet valve 
remain closed, but the exhaust valve is usually held open, so that, during 
the strokes corresponding to the ordinary cycle, the piston pumps 
exhaust gas into and out of the exhaust pipe without waste of energy, 
except for the slight friction and heat loss. 

In some engines, when the working cycle is to be omitted, a fuel 
valve, which is separate, is held closed while the inlet and exhaust 
valves act as usual; thus the piston draws in a charge of pure air, 
which it compresses, expands, and exhausts. This method is generally 
considered less satisfactory than the former, because of the cooling 
effect on the cylinder walls. 

With hit-and-miss governing all working cycles are supposedly 
exactly alike, and are equal to the maximum for the particular engine. 
As all types of internal-combustion engines using the Otto cycle show 
greatest thermal efficiency when developing normal cycles of about 
maximum power, this method of governing has the theoretical advantage 
of giving high thermal efficiencies at all loads. The cycles actually 
produced, however, are not all alike, because of irregular cooling and 
heating effects, the varying mixtures resulting from intermittent 
operation, etc. The variations become more marked with increase of the 
number of “ misses,’’ and the method therefore gives lower efficiencies 
at light loads than would be expected. In general, however, it is the 
most economical method of governing yet devised. As considerable 
intervals of time may intervene between “ working” cycles, a very 
heavy flywheel is needed on engines governed by this method. 

Hit-and-miss governing is very satisfactory for engines in which 
close speed regulation is not necessary, and is commonly used on the 
smaller sizes, say up to 25 or 50 hp. Where close regulation is required, 
it is never used. 

(e) In quantity governing, the number of cycles and the proportions 
of the mixture are maintained constant, but the amownt of mixture 
admitted per cycle is varied to suit the power demand, This is generally 


222 INTERNAL COMBUSTION ENGINES 


done in one of two ways,—by “ cut-off governing ” or by “ throttling 
governing.” 

In cut-off governing, after the amount of mixture necessary to 
produce the required power has been taken in, the inlet valve is closed, 
and the charge expanded as the out stroke, or suction stroke, continues. 
The cycle is then completed as usual, producing under low load a 
diagram like that of Fig. 111, in which the lower loop is exaggerated 
for clearness. 

In throttling governing, except at the maximum load, the charge is 
throttled during the entire suction stroke to reduce the amount of 
mixture entering the cylinder. This gives a diagram like Fig. 112, 
in which the lower loop is again exaggerated. 

In both of these methods of governing, the reduction in quantity 
of mixture with decrease in load is accompanied by a lowering of the 
compression curve, although the compression ratio, and therefore the 
cycle efficiency, is not changed. If not carried too far, this is desirable 
from a mechanical standpoint, as it tends to produce a more uniform 
turning effort, and thus reduces the necessary weight of flywheel. 


ae 


Fria. 111.—Cut-off Governing. Fig. 112.—Throttling Governing. 


Of the two methods the cut-off is the better for large stationary 
engines because it gives a smaller lower loop and less lost work. It also 
has the advantage that the governor action is delayed to the latest 
possible instant in the cycle, and hence each working cycle more nearly 
meets the power demand. For automotive types the throttling method 
is far superior because of its extreme simplicity. 

(f) In quality governing the number of cycles and quantity of 
material per cycle are maintained constant, but the proportion of fuel 
to air, or quality of the mixture, is varied, so that the power developed 
in the cylinder just meets the power demand. 

Since the same volume of mixture is drawn in during each cycle and 
is compressed to the same final volume, the ‘‘air standard” efficiency 
is constant at all loads, but the real mixture standard gives cycle effi- 
ciencies that increase slightly as the values of y become larger, which 
is generally the case for the leaner mixtures. Furthermore each fuel 
has an air-to-gas ratio that gives the best engine efficiency. Since 
the brake engine efficiency is affected appreciably more by the mixture 
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ratio than is the cycle efficiency, it follows that this method of regula- 
tion gives maximum brake thermal efficiency only at one particular 
load. With some fuels it is exceedingly difficult to obtain satisfactory 
ignition of the very “weak” mixtures introduced at low loads, and 
such mixtures also burn very slowly, the combustion continuing in 
extreme cases throughout the entire expansion stroke. 

A group of indicator diagrams from a quality-governed engine is 
given in Fig. 113. The slow burning of the weak charges is shown by 
the gradual tilting of the combustion line as the load decreases. 

The constant compression pressure has an undesirable effect on the 
crank effort (see (e) of this section), as the m.e.p. of the compression 
line does not change with the m.e.p. of the expansion line. 

(g) Combined systems are sometimes used in an effort to obtain 
the advantages, with as few as possible of the disadvantages, of the 
different methods previously described. Thus, hit-and-miss governing 
may be used at low loads and quality governing at the higher loads 
which call for sufficient gas to make a readily ignitable mixture. Or, 
quality governing may be used at the higher loads, gradually merging 
into quantity governing as the load 
decreases. 

All these combinations tend to com- 
plicate the valve gear and call for more 
or less sensitive and intricate adjust- 
ments. They are, therefore, commer- 
cially handicapped, though otherwise Fria. 113.—Quality Governing. 
desirable. 

(h) As the form and area of the diagram may be changed by altering 
the time of zgnition, this might be used for governing. It is actually 
used for that purpose to a certain extent in marine and auto engines, 
Since there is some best time of ignition for each mixture in each engine 
running at each speed, it is generally better to change the time of 
ignition to suit the conditions brought about by governing rather than 
govern by changing the time of ignition. 

In some combination systems an ignition timing device under 
control of the governor has been incorporated. 

(i) In all oil engines, whether of the low-compression, Diesel, or 
semi-Diesel types, and regardless of whether “ solid injection ” or “ air 
injection ” of the fuel takes place, the output of the engine is deter, 
mined by the amount of fuel injected per cycle. Since the same amount of 
air is drawn in during each cycle, the ratio of air to fuel may vary enor- 
mously with these types of engines when operating under a wide range 
of loads, hence this case falls under the so-called ‘‘guality governing.” 
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(j) Figure 114 (a) shows one form of automatic governor for hit-and- 
miss regulation. In it the block A is constantly reciprocated and the 
finger / moves ZL, which controls the fuel supply. If reciprocated too 
rapidly, the inertia of weight W will overcome the spring S, and F will 
not then engage with H, thus causing a miss. 

Figure 114 (6) shows a flyball type of governor in which the weights 
W occupy the inner position when the engine is not running, and also 
when it is heavily loaded, and take the outer position when no power 
is being delivered. When these weights change position, due to a 
variation in the load, they move collars C and D, which, in turn, through 
suitable mechanism, shift the throttle valve, or some other device that 
controls the supply of fuel or of mixture, thus causing the power that is 
being developed to become equal to the demand. 


Ifit-and-Miss Governor. Flyball Type of Governor. 
Fic. 114. 


There are a great many other arrangements of governing devices 
used, but they cannot be considered here. The types of governors and 
their methods of functioning will be treated in a later chapter. 

160. Gas Vaives, Mixing Valves, etc.—-(a) When gas is supplied 
under pressure to an engine a gas valve of some sort is necessary to shut 
off the gas supply during all but the suction stroke of the engine. 

(b) This valve may be combined with the inlet valve of the engine, 
giving the arrangement shown diagrammatically in Fig. 115. The 
air and gas cocks shown are used for proportioning the mixture by hand, 
and the gas cock is also used as a permanent shut-off valve. Such an 
arrangement can be used with hit-and-miss or with quantity governing, 
but is obviously unsuited for quality governing because of the hand 
regulation of the proportions. 
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(c) The gas valve is more commonly a separate valve, although 
it may be carried loosely on the same stem as the inlet valve, as a in 
Tig. 116. When thus made separate from the inlet valve, it can be put 
under governor control, so that any kind of governing can be adopted, 
at the option of the designer. In all cases it is common practice to 
supply gas and air cocks or their equivalent so that the proportions 
of the mixture can be roughly regulated by hand and so that the gas 
can be permanently shut off from the engine. 


Cylinder 


a Cylinder 
Fie. 115. Fig. 116. 


In Fig. 116 the small gas valve a is guided by the sleeve sliding on the 
stem of the inlet valve b. It is operated by separate linkage under 
governor control, so that the time, or extent, of its opening can be 
varied to suit the load. In operation, the inlet valve opens first, allow- 
ing fresh air to enter the cylinder and blow away hot burned gases. 
The gas valve a then opens, admitting gas, which, traveling downward, 
is thoroughly mixed with the air as it issues from the small holes shown. 
The valve a closes before the inlet valve b, so that the mixing chamber 
becomes filled with pure air before being shut off from the cylinder. 

Such a device is commonly known as a combined mixing and inlet 
valve, although the gas valve is occasionally designated as a mixing valve 
or a proportioning valve. 

(d) The elements of another type of 
mixing valve are shown in Fig. 117. The 
inner cylinder is supposed to be under 
governor control, so that it can be rotated 
more or less as the load varies, thus 
changing the effective openings of the gas 
and air ports to suit the demand for 
power. By properly proportioning the gas Fia. 117. 
and air ports, their areas may be made to 
change at the same rate under the action of the governor, thus giving 
throttling regulation; or the areas may be made to change differentially, 
giving quality governing, or mixed quality and quantity regulation. 
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(e) Experience has shown that proportioning valves of the type 
shown in Fig. 117, and others using sliding surfaces, are perfectly 
satisfactory when used with such fuels as natural gas and illuminating 
gas. Producer gas and blast-furnace gases, however, carry impurities 
which quickly foul such sliding surfaces and impair the action of the 
valve. For such gases, mixing and proportioning valves made without 
sliding surfaces, such as that shown in Fig. 116,must be used. Even the 
valve shown in this figure might give trouble because of deposits on 
the stem of the main valve, and a design eliminating this possibility 
would probably give better results. 

161. Carburetion.—(a) In Sect. 30, in connection with Fig. 10, was 
shown the use of a carburetor and intake manifold on an automobile 
engine, and in Fig. 103 was illustrated a carburetor, which was briefly 
described in Sect. 152. The carburetor, which is used with the more 
volatile liquid fuels, is a device that is intended to give the correct 
mixture of air and fuel at all speeds and loads on the engine. With 
multi-cylinder engines it is essential that the carburetor shall “ atom- 
ize”’ the fuel and thoroughly mix it with the air passing through this 
device,—because, if the resultant mixture is not uniform by the time 
it reaches a branch of the manifold leading to some particular cylinder, 
then that cylinder will receive a different charge, both as to quality 
and quantity, from that going to the others. This difficulty is increased 
when the multi-cylinder engine operates over wide ranges of speeds 
and loads, such as occur in many types of automotive engines. In 
such case there is a complex carburetor problem as compared with the 
single-cylinder constant-speed motor, such as is used in stationary 
practice and in small motor boats. 

(b) In connection with the simple form of carburetor illustrated 
in Fig. 103 it was shown that by means of a suitable chamber with a 
needle valve controlled by a float, the fuel can be maintained at con- 
stant level near the top of the nozzle. As the engine is turned over, 
the air will be sucked, by the pistons, through the contraction of the 
“Venturi tube” that surrounds the nozzle, and at the narrowest section, 
or “throat,” the velocity will be highest and the pressure will be 
appreciably less than atmospheric. This difference in the pressure of 
the air causes the liquid fuel to flow from the nozzle, and it might be 
thought that if the size of nozzle be adjusted to the size of Venturi tube, 
that correct mixtures would be obtained at all times. Unfortunately 
such is not the case as it has been found by experiment that as the 
velocity of the air through the Venturi becomes greater the flow of fuel 
increases at a faster rate than does the air. Hence if the nozzle be 
adjusted to give correct proportions at any specified velocity of air past 
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the Venturi, the mixture will be too “rich” at higher air velocities and 
too “lean” at the lower ones. It is this fact regarding the mixture ratio 
of air to fuel in the simple jet carburetor that has given rise to many 
thousands of inventions, each one for the purpose of offering some 
relatively simple scheme to give nearly a uniform mixture at all engine 
loads and speeds. ; 

(c) To compensate for the tendency of the mixture to change with 
variation in power outputs it is apparent that (1) additional air may be 
admitted above the Venturi tube for large power outputs, (2) extra fuel 
may be supplied at the lower loads, (3) the throat area may be made to 
vary, or (4) a combination of these may be used. The first scheme 
is generally carried out by some sort of aux- 
iliary air valve, as shown in Fig. 103. The 
second sometimes involves the use of an ad- 
ditional fuel jet, called the ‘compensating 
jet,’ which has constant flow maintained 
through it by gravity regardless of the ‘“suc- 
tion” in the Venturi tube. Fig. 118 shows 
the essentials of one type of double-jet car- 
buretor. When the engine is not running, the 
fuel stands at the same level in the main jet 
M, the compensating jet C, the well W, and 
the float chamber F. When starting the 
engine, the fuel is supplied from both jets 
and the result is an over-rich mixture which 
is needed at such a time.. The extra fuel in C 
and W will soon be used up completely. 
After that, the only fuel obtained from C 
will be the constant flow supplied by gravity through the small orifice 
O, which has atmospheric pressure maintained upon its delivery side 
by means of the well W, which also admits a small stream of air after 
the fuel has been drained from it. The “Zenith” carburetor is a 
well-known make that uses the double-jet principle. 

(d) In starting an Otto engine with liquid fuel, or in idling at very 
low speeds, it is desirable to have an over-rich mixture, and many 
devices are in use for this purpose. The most common one is some 
sort of a ‘‘ choking” or throttling device, placed in the air intake, so 
that the pressure within the entire Venturi tube, and in intake manifold, 
is reduced very much below atmospheric pressure, thus forcing con- 
siderable liquid from the nozzle, and at the same time having only a 
small amount of air passing. 

(e) The throttle valve above the carburetor may be opened or closed 


228 INTERNAL COMBUSTION ENGINES 


any desired amount by the operator or by a governor. The partial 
closing reduces the amount of the mixture going to the engine per 
cycle and consequently the speed will be reduced unless the load on the 
engine has also been decreased. It is the relationship between the 
power developed in the engine, the friction horsepower, and the external 
resistance that determines the speed of the engine. The throttle may 
be wide open and yet the engine may be turning over very slowly 
because the forces acting in opposition to the engine are so large, as in 
the case of an automobile climbing a steep grade on high gear. On the 
other hand, the throttle may be only partially open and the engine will 
run at a very high rotative speed if the only forces opposing its motion 
are those due its own friction. Irrespective of the throttle opening, it is 
the amount of air flowing past the Venturi tube that determines its 
velocity, and therefore the pressure, at the throat. Clearly then the 
greatest flow of air will occur at wide-open throttle with the engine 
running at full speed, a condition to give an over-rich mixture if no 
compensating device is used. For idling purposes, however, the flow 
of air is so reduced by the throttle that the mixture may be too lean 
even though the engine is running at fairly high speed. 

(f) Since the carburetor is such a vital part of the engine it is essential 
that it shall be reliable. It is desirable that it be szmple in its con- 
struction and have its parts accessible for cleaning and adjusting. 
It is not easy to design a simple mechanism that will give absolutely 
correct carburetion. Many modern types are very satisfactory, yet 
not complex, while many others are extremely simple, but have little 
else to recommend them. 

(g) The carbureting devices so far considered are of the float-feed 
jet type. ‘There are many other kinds. Thus, there are bubbling 
carburetors, in which some or all of the air is made to pass or bubble 
through the volatile liquid on its way to the engine. There are surface 
carburetors in which the volatile liquid is spread over screens, marbles, 
or anything else which will give a large wetted surface over which the 
air may be drawn. Wick carburetors have also been used. In these the 
liquid is drawn up into wicks by capillary action, and the air passing over 
the surface of the wicks vaporizes part of the exposed liquid. How- 
ever, the type now most generally used is the jet carburetor. 

(h) In the case of stationary engines a carbureting valve, as shown 
in Fig. 119, is sometimes used. The valve may be the inlet valve of the 
cylinder, but more often it is a separate valve through which air is 
admitted to the mixture pipe leading to the main inlet valve. A small 
hole is drilled in the seat of the carbureting valve in such a position 
that it is closed when the latter is seated. When the valve rises (auto- 
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matically) to admit air to the engine, the liquid under slight pressure 
issues from the hole in a very small stream, which mixes with the air 
and is partly or wholly vaporized be- 

Mixture | 


fore the mixture enters the cylinder. 

In Fig. 119 the supply tank re- 
ceives from a small pump a surplus 
of fuel, the proper level being main- 
tained by the overflow. This ar- 
rangement is one that is quite com- 
monly used with stationary engines. 


162. Treatment of Heavy Oils. Fic. 119. 

—(a) The principal methods of pro- 

ducing combustible mixtures of the heavier oils and air were given 
briefly in connection with the discussion of Kerosene Engines, Low 
Compression Oil Engines, Semi-Diesels, and Diesels, in Sections 153 
to 157, inclusive. It was seen that the pulverization, vaporization, or 
other preparation of the fuel is accomplished usually by producing a 
fine spray, or by thermal means, or by a combination of these, perhaps 
with the addition of water vapor. 

(b) The pulverization by means of high-pressure air can be satis- 
factorily accomplished only by using very carefully proportioned and 
highly developed types of nozzles, one of which was shown at (c) in Fig. 
107. In this, before the time of injection, a measured quantity of oil 
is forced by the fuel pump into annular pocket C where it is subjected 
to the pressure of the injection air. When the needle valve D is raised, 
the rush of air through the annular passage B around it causes a decrease 
in pressure at that point with little effect at C. In consequence the oil is 
forced into the air blast which atomizes it and projects it through a 
distributing, or ‘ flame,’’ plate 
into the cylinder. 

In Fig. 120 (a) is shown 
another form of nozzle, in 
which the oil is broken up by 
being blown through the nu- 
merous small staggered holes 
in the rings surrounding the 

Fic. 120. injection valve. Fig. 120 (6) 

shows an “open type” of noz- 

zle in which the oil is deposited in an unsealed pocket before it is 

needed, and is blown therefrom at the proper time. This last nozzle 

is applicable only to horizontal engines. There are many other arrange- 
ments of air-injection nozzles. 


Return to 
Purp 
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(c) When “ solid injection ” is used, to produce the desired fineness 
of spray the nozzles generally either rely on very small discharge orifices, 
of the order of 0.015 in., or on a whirling action that is given to the 
oil by having helical or tangential passages leading to the discharge 
chamber which has a central orifice. With the former case oil pressures 
as high as 10,000 lb. per sq. in. have been used, but commonly they are 
only about one-half of this value. In the latter case still lower pressures 
may be used. 

(d) Fuel pumps are usually eccentric-operated, single-acting, direct- 
driven ones with plungers which are merely small reciprocating rods. 
The amount of oil discharged may be automatically regulated by the 
governor, by changing the throw of the eccentric, by holding open the 
suction valve during part of the discharge stroke, by by-passing some 
of the oil discharged, or in other ways. On multi-cylinder engines there 
may be a separate pump for each cylinder, or a single pump may be 
used with some kind of a distributor to direct the flow at the proper 
time to the cylinder that is to function next. 

163. Methods of Ignition—(a) In the early development of gas 
engines the charge was ignited by opening communication at the proper 
time between the compression space of the engine and a small chamber 
containing an open flame. This method was complicated mechanically, 
and had so many objectionable features that it did not survive. Other 
methods used are: (a) hot-tube ignition; (b) spontaneous ignition by 
the heat of compression (assisted, or not assisted, by the action of a hot 
chamber, such as a vaporizer or hot bulb); (c) electric ignition. 

(b) A simple type of hot-tube ignition is shown schematically in 
Fig. 121. The burner b produces a hot zone, which is at about red heat, 
and it can be located anywhere along the tube a, which at the end of 
the exhaust stroke is filled with burned gases. During the compression 
stroke these gases are compressed into the tube by the combustible 
mixture until the latter finally reaches the hot zone, when it is ignited. 
By moving the hot zone along the tube, the time in the compression 
stroke at which the mixture is ignited can be varied. By this method 
ignition is generally certain, but its timing is untrustworthy because of 
variations in the condition of the tube or of the mixture. Hence, 
despite its simplicity and lack of moving parts, hot-tube ignition is not 
now very widely used. ‘‘ Timing valves’ have been used to close the 
cylinder end of the tube and thus to control ignition, but few have 
survived. Hot-tube ignition involves a constant supply of gas to the 
burner, and this of course adds to the fuel consumption of the engine. 

(c) Spontaneous ignition in many engines using liquid fuels heavier 
than gasoline is produced by the temperature attained during compres- 
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sion, as has already been seen, but this method of igniting has not 
proved applicable to the more volatile liquid fuels and to the gaseous 
fuels because of the difficulty of timing. The most satisfactory method 
of igniting these latter fuels is by an electric spark, and this method will 
be discussed in the next section. 
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164. Electric Ignition——(a) All electrical ignition systems in use, 
with few exceptions, fall under either ‘“ make-and-break”’ or “ jump- 
spark” ignition. The less descriptive terms, “‘ low-tension ”’ ignition 
and “‘ high-tension ” ignition, are often used in place of these. 

(b) In the make-and-break ignition system two “ electrodes” are 
brought together within the combustion space to ‘ make,” or close, 
the circuit, and are separated suddenly to “ break” the circuit and 
produce a spark. 

One arrangement of such a system is shown in Fig. 122, the “ zgniter 
block,’ or “ plug,” entering the combustion space through the cylinder 
head or wall. The stationary electrode, or “insulated electrode,” and 
the ‘movable electrode” are designated in the figure. 

(c) The operation is as follows: A cam or eccentric pushes the rod 
A toward the igniter, and the finger / on the strike block D, engages the 
trigger 7 which, moving toward the right, rotates the movable electrode, 
by means of the spring S, until the hammer inside of the cylinder is 
brought into contact with the stationary electrode. The circuit is then 
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made and current flows until the finger / travels past the edge of the 
trigger 7, when the spring S’ then pulls the hammer out of contact and 
the circuit is broken. A spark then results from the action of the induc- 
tion coil, because the rapid change in the number of lines of force through 
the core causes sufficient self-induction to generate an electromotive 
force of such intensity as to bridge the gap between the separating 
electrodes. The timing of the spark is effected by moving the strike 
block don the roda. 

(d) The wiring diagram is shown in Fig. 123. In this figure, B rep- 
resents a battery, or other low-voltage generator, C an “induction” 
or “intensifier cowl,’ E the sta- 


B °F Wa tionary electrode, which is in- 
— ae ae 

e sulated from the igniter block and 
Y) engine frame, and S a stud or other 
Yy ~ convenient screw fastening on the 
Bie. 123. engine. The movable electrode 
is in electrical contact with the 

igniter block and metal of the engine frame, as shown in Fig. 122. 

(e) The type of igniter just described is known as a “ hammer 
make-and-break igniter’? to distinguish it from another known as a 
“wipe-spark”’ or “ wipe make-and-break igniter,’ in which a movable 
electrode periodically wipes or slides across a stationary electrode. 
The wipe spark automatically cleans the contact surfaces within the 
cylinder, which is in a way advantageous, but it is not so extensively 
used as the hammer type. There are also make-and-break plugs that 
are operated by electromagnets, the magnet also acting as a “ kick” 
or reaction coil. 

(f) The make-and-break system has the advantages of being elec- 
trically simple and operating with low e.m.f.,so that short circuits are 
not so likely to occur as in the systems described in following 
sections. 

(g) In the jump-spark system, or high tension, there are within the 
cylinder two fixed terminals, with a short intervening gap, across which a 
spark jumps when sufficient difference of potential has been developed. 
In its simplest form the apparatus has two circuits, as shown in Fig. 124, 
with heavy lines representing the “ low-tension circuit”? and the light 
lines the “ high-tension circuit.” 

In the figure, B is the source of electromotive force, T is a rotating 
“timer,” C a “ condenser,” K a coil,” and S a “spark plug,” several 
examples of which are shown in Fig. 125. 

(h) In operation, the primary circuit is closed by the timer 7 and 
then suddenly opened by it with the result that a spark jumps between 
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the terminals of the plug. The action of the coil is as follows: When 
the primary circuit is closed by rotation of the timer, the magnetic field 
induces an electromotive force in the secondary circuit. This is not 
great enough, however, to cause a spark to pass between the plug 
terminals. But when the primary circuit is quickly broken, the sudden 
collapse of the magnetic field about the core of the coil induces for the 
instant in the secondary circuit a very high potential difference, which 
may be made sufficient to cause the passage of a spark, with resultant 
ignition. 
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Fic. 124. Fig. 125. 


The function of the condenser, which bridges the timer in the primary 
circuit, is to prevent sparking at the contact points of that apparatus. 
Such sparking would cause rapid deterioration of the contact surfaces 
and is therefore undesirable. 

(i) One type of jump-spark apparatus uses a ‘‘trembler coil” instead 
of the plain induction coil shown in Fig. 124. This apparatus is so 
arranged that the trembler forms part of the primary circuit, and is in 
such position that it is attracted to the core of the coil when this is 
magnetized, and thus breaks the primary circuit. This in turn demag- 
netizes the core, hence the trembler flies back and makes the circuit 
once more; thus the core is again magnetized and attracts the trembler, 
breaks the circuit, and so on, as long as the timer is in position to close 
the primary circuit. This intermittent making and breaking of the 
primary circuit causes a succession of sparks at the spark plug in the 
secondary circuit, which action is generally supposed to insure more 
certain ignition. The great advantage achieved is really quick action 
and accurate timing, though these are often counterbalanced by con- 
siderable trouble with the trembler which may call for almost constant 
adjustment. 
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(j) Both of these high-tension or jump-spark systems are easily 
timed by shifting the phase relation of timer, or commutator, and 
engine crank, and they are particularly satesfactory for high speeds. 
Recently there has been a tendency to adopt these systems for ordinary 
slow-speed stationary work; but as the spark does not seem to have 
the same igniting power as that of the make-and-break system, most 
applications have been limited to the more easily ignitable fuels like 
natural and illuminating gas and gasoline. 

(k) The source of current may be dry cells, storage batteries, electric 
generators, or magnetos. Magnetos are really dynamos, in which the 
armature coils move in the field of a permanent magnet. They may be 
made to deliver either direct or alternating current, and the coils may 
be rapidly rotated or merely quickly oscillated across the lines of force. 
They may be used in either low-tension or high-tension systems with 
motion properly synchronized with the timer. 

(1) Multi-cylinder engines could have separate ignition systems for 
each cylinder, but it is simpler to have one general system with a 
distributor to connect it to the various igniting devices at the proper 
times. Engines with cylinders above 40 inches in diameter usually 
have three spark plugs in each clearance space, in order that the com- 
bustion may proceed more nearly instantaneously throughout the entire 
charge. 

(m) Automobiles almost invariably use the high-tension jump- 
spark system. Starting with (1) the source of current, there is (2) a 
switch for opening or closing the circuit, (3) an induction coil, for produc- 
ing the high voltage when the primary circuit is interrupted, (4) an 
‘interrupter,’ which may be a magnetically operated ‘ magnetic 
vibrator,’ or a mechanically actuated ‘ breaker,’ (5) a condenser for 
preventing the contact points from deteriorating rapidly, (6) a dis- 
tributor fo: directing the current to the proper spark plug, and (7) the 
spark plug. Duplex systems are commonly used in which there is an 
engine-driven generator and a storage battery. The generator fur- 
nishes current for ignition and for charging the battery. For ignition 
at low engine speeds and for driving the starting motor, the current is 
supplied by the battery. If a magneto is used it is often supplemented 
by a battery, which is used for emergencies, and also generally for 
starting. 

165. Internal-Combustion Engine Valve Gear.—(a) The plain slide 
valve, S©0 common in steam-engine practice, is never used in its simple 
form on internal-combustion engines for admission or exhaust because 
the high temperatures to which these valves are subjected make lubrica- 
tion difficult and cause warping of the valve and seat, and the high 
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pressures make it difficult to keep the valve on its seat to prevent 
leakage. When the fuel used contains sulphur, which is not an uncom- 
mon occurrence, the valve and seat are often 
quickl; pitted and corroded. 

(b) Some highly specialized forms of slide 
valves are, however, in use in “ sleeve-valve ” 
automobile engines, one example of which is 
shown semi-diagrammatically in Fig. 126. The 
two sleeves, reciprocating vertically under the 
action of eccentrics or cranks on a side shaft, 
act in conjunction with the cylinder head and 
external cylinder to control admission and 
exhaust by means of the ports shown. The 
advantages of this type are rapid and wide 
opening and quick closing of valves, long 
period of approximately maximum opening, and 
silent operation. 

(c) With the exception of the cases cited 
above, the poppet or mushroom valve is in 
practically universal use for internal-combustion Fic. 126. 
engines. It maintains its correct shape under 
changing temperatures more perfectly than other types; it requires 
a minimum of contact surface between valve and seat; it opens 
inward and is therefore forced to its seat by the high pressures in such 
engines; it requires no lubrication; and it and its seat are easily kept 
comparatively true by grinding. 

(d) In modern designs, inlet valves are practically never water- 
cooled, as the ingoing charge cools them sufficiently during each suction 
stroke. Exhaust valves, and their seats, on the other hand, are usually 
water-cooled when larger than five inches in diameter, and often in 
smaller sizes. This is deemed necessary not only because the very 
hot exhaust gases may have a detrimental effect. on the valve, but also 
because the high temperature retained by the latter may cause pre- 
ignition in certain cases. In large engines the valve heads are usually 
of cast iron and the stems of steel. Automotive engines use cast-iron 
heads with steel stems welded to them, or various alloy steels, the 
head of the valve often being of different material from the stem. 

(e) Two types of inlet valve are in use,—the automatic valve and the 
positively actuated valve. The automatic valve is held to its seat by a 
weak spring, and is raised by the difference between atmospheric and 
suction pressures during the suction stroke. The positively actuated 
valve is opened mechanically and generally is closed by spring pressure. 
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Automatic valves are uncertain in their action, opening only 
after a considerable pressure difference has been created, and then 
more or less slowly. After opening they do not remain wide open 
during the remainder of the suction stroke, but “ chatter ’’ more 
or less, thus materially decreasing the volumetric efficiency of the 
engine. For these reasons they are seldom used except in very small 
engines. 

' Positively actuated valves, on the other hand, can be made to open 
at the time desired, can be given an amount of opening approximately 
equal to that calculated for each piston position, and can be made to 
close very nearly at the right time. 

(f) On the smaller engines the valves are usually driven by cams, 
which, especially in multi-cylinder engines, are mounted on side, or 
overhead “‘ cam shafts” that are driven from 
the main shafts by spur, helical or chain gear- 
N ing. On large horizontal engines the layshaft 
e_. may have eccentrics which, through suitable 
rods and levers, operate cams at the valves, 


Cam Shaft 
Fig. 127. Fig. 128. 


as was shown in Fig. 102. To overcome the inertia of the rapidly 
moving mechanism and keep the followers at all times in contact with 
the cam surfaces, it is necessary to use springs, which often must be 
of great strength. 

Valves may be operated by cams in direct contact with the valve 
stem (Fig. 127); or by contact with one end of a pivoted lever, the 
other end of which contacts with the cam (Fig. 128); or through 
eccentric-driven rolling, rocking, or floating levers, one arrangement of 
which is shown in Fig. 102. 

(g) In the ideal Otto cycle the opening and closing of the valves 
and the ignition and combustion were assumed to occur instantaneously 
with the piston at the respective ends of its stroke. In actual engines 
it is necessary to have these events take place at other times, some 
before the crank reaches a dead center position and others afterward. 
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Diagrams which show the phase relationship between these events and 
the crank positions are called Timing Diagrams. 

(h) Figure 129 shows illustrative Timing Diagrams for Otto four- 
and two-stroke cycle vertical engines. Since two revolutions of the 
crank are required for a four-stroke cycle, a 720° spiral is used to show 
the occurrence of events and the periods during which the various 
processes take place during such cycle. Referring to Fig. 129 (a) 
for this case, it is seen that the Intake Valve Opens (I. O.) when the 
crank is at 1, that the suction period then follows until the Intake 
Closure (I. C.) occurs at 2; that Compression then starts and con- 
tinues until Ignition takes place at 3, at a crank position somewhat 
before the dead center 4; that the power period is from 4 to 5, when 
Exhaust Opens (E. O.); and that the exhaust period continues until 
Exhaust Closure (E. C.) occurs at 6, thus completing the cycle. 


6 
Exh, 
Closes 


(a) Four-stroke Cycle (0) Two-stroke Cycle 


Fic. 129.—Timing Diagrams for Four-Stroke, and Two-Stroke Otto Cycles. 


(i) In Fig. 129 (6) is shown a Timing Diagram for a three-ported 
two-stroke cycle engine, such as was shown in Fig. 97. In this, the outer 
circle is for the space above the piston, and the smaller circle is for the 
under side. The combustible mixture flows into the crank case while 
the crank rotates from 1 to 2, the piston being near the top of its stroke 
and hence uncovering port a. With crank at 2 this port is closed and 
the confined mixture is compressed in the crank case until the crank 
reaches position 3, when the top of the piston uncovers the transfer 
port b. The mixture under slight pressure then flows into the cylinder, 
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being guided by the deflection lip on the piston, and helps to expel the 
burnt gases, the exhaust port having already been uncovered when the 
crank was at 8. The exhaust period occurs while the crank rotates 
from 8 to 5, and the compression of the new charge, which begins at 5, 
completes the cycle. Between 4 and 1 on the upstroke the movement 
of the under side of the piston produces a decrease of pressure in the 
crank case, hence when port a is uncovered the mixture rushes in 
rapidly to fill this space. 

(j) The time (with reference to crank and piston positions) at 
which valves open and close varies widely, depending on such factors as 
the location of the valve, the type of engine and its rotative speed. The 
exhaust valve universally opens early, generally when the piston is at 
about 0.9 stroke. It may close before the end of the return stroke, or 
on dead center, or it may remain open until after the suction stroke has 
started. The object of leaving if open after dead center has been 
passed is to take advantage of the inertia of the moving exhaust gases 
and thus get more perfect discharge. The inlet valve very commonly 
opens after the beginning of the suction stroke, though it is sometimes 
opened just before, or on dead center, in order to obtain a wider opening 
by the time suction actually starts. It is very generally closed after 
the end of the suction stroke in order to take advantage of the inertia 
of the moving column of gas, thus increasing the volumetric efficiency. 

In general, the higher the speed of an engine the later may the valves 
close, and the greater may be the overlap of exhaust closure and inlet 
opening if the valves are widely separated. 

To allow for the time element involved, combustion is started 
somewhat before dead center, both in the Otto and Diesel types. Hand- 
books on technical engineering and treatises on internal combustion 
engines give data on the timing commonly used with different types of 
engines, 
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166. Real Indicator Diagrams.—(a) In the upper part of Fig. 130 
is shown a water-jacketed cylinder with its head, inlet and exhaust 
valves, igniter, piston, and connecting rod. With such an engine 


operating on a four-stroke Otto 
cycle the indicator diagram would 
appear something like that shown 


<_ Water Out 
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me rae EES 
at (A) in this figure. At (B) this 4 ae 
is shown by 0123456, but some- = = 
what distorted for clearness, and ied — 


on it ideal air diagrams have been 
superposed. For the case in which 
the specific heat is considered 
constant at its cold value the 
amount of heat represented by the 
fuel used per cycle would cause the 
pressure rise ab, and the correspond- 
ing ideal ‘Cold Air Standard ” 
cycle would be abcda. With vari- 
able specific heat during heat 
addition the ideal ‘ Real Mixture 
Standard ” cycle would be a’b’c'da’. 
From a comparison of these ideal 
cycles it is apparent that the mere change from constant to variable 
specific heat causes a big difference in the ideal diagrams, as was also 
shown by the numerical case analyzed in Sect. 129 (f). 

It still is necessary, however, to account for the appreciable dif- 
ference that exists between the actual diagram and the ideal Real 
Mixture Standard. The reasons for this departure are due to the 
(1) chemical and physical properties of the real working substances; 
(2) thermal properties of the metallic parts of the engine; and (3) me- 
chanical faults, such as leaking piston and valves. These items will 
now be considered in detail. 
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(b) Starting at c’ at the end of the ideal expansion line, the exhaust 
valve would be opened to allow the charge of the preceding cycle to 
escape into the exhaust pipe. In the real case, however, this valve must 
start to open before the end of the stroke, say at 5, which is usually 
at from 85 to 90 per cent of the out-stroke. This is necessary so that 
the valve may have time to open fully before the end of the stroke 
is reached, and because the gas in the cylinder, due to its inertia and 
fluid friction, takes an appreciable time to pass through the exhaust 
opening despite the fact that the gas pressure of from 15 to 35 lbs. or 
more above the atmosphere is available to accelerate it. 

From 6 the expansion line drops rapidly to the end of the stroke, both 
because additional space is vacated by the piston as it continues outward 
and because of the exit of gas from the cylinder. By opening the 
exhaust valve early less area at the toe of the diagram is lost than if the 
opening is at the end of the stroke, and, as less hot gas remains in the 
cylinder, the tendency to overheat the metallic walls is reduced. 

(c) The exhaust line 6-0 is from 1 to 3 lbs. per sq. in. higher than 
the ideal exhaust line de. As the area opened by the exhaust valve 
is limited by practical considerations, this pressure difference is necessary 
to cause the high average velocity of gas flow through the valve and 
pipe to the atmosphere and is needed in order to empty the cylinder 
in the short time available. 

(d) At 9, with the piston at the end of the stroke, the clearance 
is filled with products of combustion at a pressure slightly above atmos- 
pheric and at a temperature probably 700° to 900° F. As the piston 
starts on the “ suction stroke,” these gases expand to some pressure /, 
from 1 to 6 lbs. per sq. in. below that of the mixture supply (which 
is usually at atmospheric pressure), before the new charge begins to 
flow through the open inlet valve into the cylinder. This flow con- 
tinues, as the piston moves out, until the end of the stroke is reached at 
2, when the cylinder is filled with a mixture of the new charge and the 
burnt gas previously left in the clearance. The “ suction line,’ 1-2, 
is only approximately horizontal. 

Evidently with an exhaust pressure higher than the intake pressure, 
the piston must do a small amount of net work on the gas, as shown 
by the area of the “ loop ”’ 0-1-2-0, and this decreases the power that 
the engine can deliver. 

(e) As shown exaggerated in the figure, the compression line 2-3 
is generally below da’ (1) because compression begins at 2 with pressure 
below atmospheric, (2) because the process is not adiabatic,—for there 
is heat interchange between the gas and the walls of the piston, cylinder, 
and head,—and (3) because of leakage past piston and valves. 


ACTUAL OPERATION, POWEK AND PERFORMANCE 241 


(f) At or near 3 ignition occurs, and as it actually takes an appre- 
ciable time for the flame to spread throughout the mixture, and as the 
piston does not remain stationary at the end of the stroke during the 
complete process of combustion, the sloping combustion line 3—4 results, 
instead of the vertical line a’b’ of the ideal process. Combustion is 
seldom complete even when the highest pressure is reached, hence 
heat is still being generated when expansion starts. 

The combustion line represents the most complicated process in 
the cycle, and is the most difficult to investigate, as the phenomena 
take place with comparative rapidity and vary with the mixture, 
method of ignition, the surface form of the combustion space, piston 
speed, and other factors. 

In considering the slope of the combustion line, it is a case of 
balancing gains and losses. The piston movement reduces the maximum 
pressure and temperature, thus decreasing the heat lost to the cylinder 
walls, but this is offset more or less completely by the larger surfaces 
exposed while the temperature is high. The slope which will give the 
highest efficiency cannot be predicted, but usually an inclination which 
will bring the top of the combustion line at about 2 per cent of the 
stroke seems to give the best results. This form of the actual diagram 
also improves the mechanical operation of the engine because the 
pressure changes are less sudden and less intense. 

The pressure does not rise as high as the ideal value b’ calculated for 
the real mixture, presumably because (1) the initial pressure 3 is less than 
the ideal at a’; (2) the movement of the piston increases the volume dur- 
ing combustion; (3) the average specific heat of the actual mixture may 
be slightly higher than that assumed for it; (4) the surrounding metallic 
walls absorb some of the heat generated; (5) there may be a certain 
amount of dissociation at the higher temperatures; and (6) there may be 
leakage past the piston and through the valves. 

(g) The chemical reactions accompanying combustion may result 
in products occupying less volume than the original mixture. For 
example, when two volumes of CO unite with one volume of Oe, but two 
volumes of COz result when measured at the original temperature and 
pressure. In calculating the ideal cycle for the real mixture ! the value 
of R for the mixture before combustion is taken as different from the 
value of P for the products of combustion, thus, the calculations involv- 
ing these constants take care of any possible volume shrinkage due to 
combustion of the real mixture. The subject of combustion will be 
treated in a later chapter. 


1As was done in Sect. 129(e). 
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(h) The expansion line is at first generally above an isentropic curve 
through 4 because of “ after burning,” or the continuation of combustion, 
which usually generates heat in excess of that absorbed by the walls. 
Later, as the motion of the piston continues, the relatively cooler 
cylinder walls are uncovered and they rapidly absorb heat from the gas, 
causing the expansion line to drop below this isentropic. The expansion 
line generally incloses slightly more area than the isentropic starting at 
the same point, unless the engine is of such proportions as to expose 
excessive wall area. 

(i) During part of the compression, and all of the combustion and 
expansion, heat is absorbed by the inclosing metallic walls and is carried 

away by the water jacket, or air. This is a 
direct loss, but it is necessary in order to 

| prevent overheating the metal. 
ylinder 


Mixture Reservoir 


(j) Figure 131 illustrates diagrammatically 
a two-stroke Otto cycle engine with separate 
pump for supplying the combustible mixture 
to the working cylinder, the pump being 
driven by a crank on the engine shaft. At 
(A) and (B) in this figure are also shown 
respectively the indicator diagrams for the 
power cylinder and for the pump. The dif- 
ferences between the actual work diagram 
and the ‘ Real Mixture Standard” cycle 
are quite similar to those occurring in the 
four-stroke cycle engine, and arise largely from 
the same causes. The work corresponding to 
the pump diagram is, of course, subtractive 
and reduces the power output of the engine. 
When the crank-case compression, or other 
kind, is used, a similar negative pump-diagram would be obtained 
for the gas undergoing the process. The pump does not actually 
operate in the ideal manner, and it must produce a gas pressure of from 
0.5 to 7 lb. per sq. in. above atmospheric in order to fill the power 
cylinder in the short time available after the inlet valve opens. Energy 
is lost in overcoming the pump friction and the resistance to flow. 

Because of its great velocity, the entering charge generally mixes 
more or less with the burnt gases, and some portion usually escapes 
through the exhaust ports before they are covered. Hence, instead of 
developing twice the power of a four-stroke cycle engine of the same 
size and r.p.m., the actual ratio is from 1.7 to 1.9, owing to losses due 
to the method of operation. In some two-stroke cycle engines the 
power cylinder is first scavenged by admitting air under pressure ahead 
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of the mixture so that none of the fresh charge escapes with the exhaust. 
This, however, is done at the expense of greater complexity of mechanism 
and a larger expenditure of energy in pumping. 

(k) Figure 132 (a) and (b), respectively, show indicator diagrams for 
an air-injection Diesel and for a solid-injection dual-combustion engine, 
for full and part loads. The departures from the ideal ‘“‘ Real Gas 
Standard ”’ cycle are due principally to the same causes that have 
already been considered with the Otto cycle. In the case of the Diesel, 
the combustion does not occur strictly at constant pressure, and does 
not instantaneously cease when the fuel injection is cut off, but con- 
tinues somewhat after expansion has 
started. This has some influence on the ho 
maximum temperature attained and on 

: , - Full Load 
the character of the expansion line. 
Although it results in a reduced area 
of indicator diagram, it is easier to keep 
cylinder and piston properly cooled. 
With late injection, or with slow-burn- 
ing fuels, the combustion line will show 
an appreciable drop from the horizontal, 
as at (A) in Fig. 132. 

(1) The actual expansion and com- 
pression lines of internal combustion fyg. 132.—Diesel and Semi-Diesel 
engines can be roughly approximated by Diagrams. 
curves of the polytropic type—i.e., with 
PV" = const. The values of the exponent vary widely, however, 
depending on the kind of fuel, the type of engine, leakage, heat 
transfer to or from the cylinder walls, and on many other factors. 
For compression, 7 ranges from 1.22 to 1.28 for large engines, and even 
goes as high as 2.0 for small high-speed Diesels; and for expansion the 
values are from 1.10 to 1.7.” 

167. Indicated Work and Power of the Four-stroke Cycle Engine. 
—(a) In the diagram shown in Fig. 133, with the ‘“ lower loop ” fghef 
considerably exaggerated, the arrows indicate the directions in which 
the various lines are traced. 

(b) If areas on a PV-diagram surrounded by lines generated in one 
direction (here clockwise) represent work done upon the piston, or 
positive work, then areas inclosed by lines of reverse direction (here 


650— 


2See E. B. Norris, ‘‘Gas Engine Compressions,’”’ Lefax Data Sheet, 5-184; 
Clayton’s “ Analysis of Cylinder Performance,” A. 8S. M. E. Trans., Vol. 34, 
or Univ. of Ill. Exp. Sta. Bul. 58. Also “ Power,” 1923, pages 250 and 555; 
Mechanical Engineering Handbook, by Marks. 
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counter-clockwise) indicate work done by the piston upon the working 
substance, or negative work. 

Thus the work represented by the upper area abcdea is positive; the 
work corresponding to the “lower loop,” fghef, is negative; and the 
net useful work on the piston would be represented by the difference 
between these areas. 

(c) The exact interpretation of ‘‘ indicated power ” in the case of a 
four-stroke cycle gas engine is still unsettled. It is now somewhat com- 
mon practice in this country to integrate both the upper and lower loops 
by tracing the complete diagram in the order of its generation, as shown 
by the arrows in Fig, 133, thus giving an area that represents the net 

work delivered to the piston during the four 
b strokes. This method gives an i.h.p. that 
includes only the friction of the mechanism 
and not the fluid friction, because the latter 
~ is automatically subtracted by the method 
of integration. 
ISG sh, On the other hand, if the i.h.p. is deter- 
mined from the area abcha that does not 
involve any fluid friction, the difference 
between such an i.h.p. and the b.h.p. will represent the horsepower lost 
by both fluid and machine friction. 

(d) The mechanical efficiency is always the ratio d.hp./i.hp. As 
applied to gas engines it will include either the mechanical loss alone, 
or both kinds of friction loss, depending on how the i.hp. is computed. 

168. Volumetric Efficiency.—(a) The weight of the charge that is 
drawn into an Otto engine during the suction stroke is the chief factor 
in determining the amount of work done during the cycle. Hence, 
for a given piston displacement and a specified engine speed the indicated 
power of such an engine will depend chiefly on how well the given cylinder 
volume is filled with the fresh charge. The term volumetric efficiency 
is used to express the ratio of the volume of the actual weight of charge 
drawn in per cycle, measured at atmospheric temperature and pressure, 
to the piston displacement; or it may be defined on the basis of weights 
as follows: 

Vol. Eff. = (wt. of charge? drawn in per cycle) + (wt. of charge? 
to fill a volume equal to the piston displacement, when at atmospheric 
temperature and pressure). 

(b) The factors that reduce the volumetric efficiency of an Otto 
engine are: 

(1) Throtiling of the incoming charge by reason of restricted open- 


a 


TGen 13S. 


* These charges are assumed to be of the same composition. 
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ings for the passage of the gas,—such as the intake valve, carburetor, 
intake pipe and manifold, and air cleaners; and also the partially closed 
throttle valve, in case of low speeds or part load. 

(2) Engine clearance, which permits a certain weight of burnt gases 
to remain within the cylinder at the end of the exhaust stroke. These 
gases expand to suction pressure before the fresh charge can enter. 

(3) Increasing the temperature of the entering charge by any means, 
such as passing through a hot inlet valve and port, or through an inlet 
manifold that has been purposely heated, say, by the exhaust gases, in 
order to assist in the distribution of equal charges to each cylinder. 

(c) The volumetric efficiency of an Otto engine is very materially 
increased by using a supercharger, which is usually some simple form 
of centrifugal or rotary air compressor that increases the pressure of 
the air going to the carburetor. The device is especially useful on air- 
plane engines operating at high altitudes. 

(d) The actual heat interchanges during exhaust are problematical. 
The enormous rush of gas through the exhaust port takes away from the 
cylinder parts heat which is lost to the atmosphere, but there is a some- 
what compensating gain due to increased volumetric efficiency resulting 
from contact of the new charge with cooler walls. 

Quite remarkable success has been achieved by engines in which 
cold air is blown through the cylinder during part of the exhaust period. 
This operation cools the walls and tends to remove the burnt gases 
from the clearance space, and hence the charge drawn in is cooler and 
purer than in the ordinary type of engine. Such engines are known as 
“ scavenging’ or ‘ positive scavenging’ engines. 

169. Methods of Determining the Size of Cylinder of an Engine. 
—(a) In Sect. 95 it was shown that, per cylinder end, t.hp. = (pmLan) 
+ 33,000, in which the stroke L is in feet. Then since a = rd?/4, d 
being the cylinder diameter in inches, it follows that the “ piston dis- 
placement ” in cubic inches per stroke of J inches is rd?l/4, and that 


504,200 X 7.hp. 


Dmn 


d= (192a) 


in which pm is the m.e.p. in pounds per square inch, 7 is the number of 
cycles per cylinder end per minute, and the numerical constant is 
4X 12 X 33,000/r. For given or assumed values of 2.hp., n, and Dm, 
the corresponding product d?l can be determined. Then, assuming 
d, or l, or 1/d, the effective dimensions of the cylinder become fixed. 
Here pm is the mean pressure within the cylinder and is called the in- 
dicated m.e.p., as it may be obtained from an indicator diagram. The 
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delivered output of the engine thus found would, of course, be 
Bhp = 7d.hp. XM. EF. 

(b) Often it is difficult to obtain an indicator diagram from an 
engine, and this is especially the case when the rotative speeds are high; 
also, interest frequently lies primarily in the delivered output only, 
since the mechanical efficiencies of all engines in a class under con- 
sideration are substantially the same. In such case, the cylinder size 
for a desired b.hp, per cylinder end and n, may be found from 


504,200 X b.hp. 
pon 


dl = (192b) 


where 7p, is the ‘‘ brake m.e.p.”? For given engines, whose piston di- 
ameters and strokes are known, the values of p, may be easily deter- 
mined by obtaining by test the brake hps. when completing n cycles 
per minute, and substituting in Eq. (1926) in which p, then becomes the 
only unknown. The relation between the brake and indicated m.e.ps. 
is the same as between the b.hps. and the i.hps., thus, p, = pm X M. Eff. 

The foregoing may be called the m.e.p. methods of determining the 
cylinder size. 

(c) Values of the m.e.ps. depend on many things, some of which 
are the size and type of engine, character and amount of load, kind of 
fuel, mixture ratio, timing of ignition and valve events, completeness 
of scavenging, perfection of combustion, shape of clearance space, 
effectiveness of cooling, speed, and intake pressure as affected by 
throttling or by altitude of engine, whether stationary or airplane. In 
Table VIII are given a few illustrative values such as may be readily 
obtained under continuous operation. They may be exceeded in short 
special tests and under favorable conditions, and they may not be 
reached by poorly designed or improperly adjusted engines. This 
table also gives the values of the maximum pressures that occur within 
the cylinders of different types of engines. 

(d) How the brake m.e.p. is affected by the greater relative cooling 
and lower M. Eff. in small sizes of automobile engines is indicated by 
the following empirical equation, 


ules 


brake m.e p. = 130(1 ) BD. per squareinch, . . (193) 


u 


which gives values that may be reached in the best practice by such 
engines.* 
“ Judge’s ‘‘ Automobile and Aircraft Engines,” pp. 368. 
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Also, for the same kind of engines, when operating at a given speed, 
the effect of the ratio of air-to-gasoline on the m.e.p. and also on the 
thermal efficiency is shown in Fig. 134.5 For such engines it is seen 
that, for a ratio which gives the highest efficiency, the brake m.e.p., or 
delivered power, is below the maximum possible; and, conversely, 
that the ratio giving greatest power or m.e.p. results in poor economy. 

(e) The mechanical efficiencies of internal combustion engines range 
from 65 to 90 per cent or more, some typical values being given in 
Table VIII. The piston speeds (2L X r.p.m.) of stationary engines 
range from 500 ft. per minute with small sizes to 900 with large engines; 


and are from 700 to 1500 for automobiles, Fo OR em OTIC 


and from 1000 to 2400 for airplanes. The § $8 § 88 24 4 
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ratio 1/d for automobile and _ airplane Ey RES 
engines is from 1.1 to 1.5, and for stationary 


Loy. 


engines it is from 1.25 to 2, but usually 
1.33 for large gas engines. 

(f) The size of cylinder, or piston dis- 
placement per working stroke, can also be 
determined by the charge-volume method. 7% 7.05. 2. sotine 
Thus, remembering that the B.t.u. equiva- Fie. 134. 
lent of the work done per minute is 
42.42 X b.hp., and that 1728 cu. in. = 1 cu. ft., then, since 


C% 
' 
% 


Power 


Efficiency 


Richer 
— 


Volume displaced per stroke per cylinder end = 
(Volume ® of fuel and air drawn in per suction stroke) + Vol Eff., 


it follows that, for a close approximation, 


et xX 1728 42.42 b.hp.1 - MeN (194) 
. eK B.T. Eff. X H.H.V. ~~ Volumetric E ficiency’ 


in which 


d?| 


b.hp.1 = the brake horsepower per cylinder end; 
nm = number of cycles per minute per cylinder end; 
H.H.V. = the higher heating value of the fuel, in B.t.u., taken per pound 
for liquid fuels, and per cubic foot for gaseous fuels; 
the volume® of theoretically correct mixture, in cubic feet, 
taken per pound for liquid fuels, or per cubic foot for gases; 
= (1 + theoretical volume® of air per cubic foot of gas), or 


M 


5 See Berry, Trans, A. S. M. E., 1919, p. 333, or Jour. Soc. Automotive Engineers, 
Nov., 1919, p. 364. Also, Tice, S. A. E. Jour., Aug., 1920, p. 190; also, Report 
No. 49, National Advisory Committee for Aeronautics; and Berry and Kegerreis, 
Bulletin No. 5, Purdue Univ. Engineering Experiment Station. 

6 At atmospheric pressure and temperature. 
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M = (theoretical volume of air per pound of liquid fuel), the volume 
of the oil being negligible; and 
X = excess air coefficient = actual air + theoretical air. 


A few illustrative values of B. T. Eff., H. H. V., X, and Theoretical Air 
are given in Table VIII. The volumetric efficiencies range from 60 
to 93 per cent, depending on the type of engine and the various conditions 
of operation. 

(g) The size of engines may also be determined roughly by using 
empirical formulas. Thus, for automobile engines having N cylinders, 
the rated b.hp., based on a brake-m.e.p. of 67.2 lbs. per square inch and 
a piston speed of 1000 ft. per minute, is 


Rated b-hp.=.d* xeN 222 On rae eo 


This is known as the A. L. A. M. or S. A. E. standard in this country, 
and as the R. A. C., or Treasury Rating in Great Britain. There are sev- 
eral other empirical formulas in use for such motors.’ It should be par- 
ticularly noted, however, that with other m.e.ps. and speeds, the power 
would, of course, be different from that given by such equations. 

For stationary engines, equations of the form 


d#lIn = AXdhp+B 


may be used, the constants A and B having values depending on the 
type of engine, fuel used, etc.,° and B being a function of the friction 
horsepower. 

(h) In Table VIII is given a small amount of data on the inter- 
related performances as to the power and the economy of internal 
combustion engines operating under full-load conditions and using some 
of the many different kinds of fuel. In many cases there is a lack of data 
available, and often the reports of tests are incomplete and are not all 
given on the same basis, or are otherwise unsatisfactory. The per- 
formances are dependent on so many factors, such as those mentioned 
in (c), that without complete information comparisons may be at fault. 
In view of these facts, this table should be considered as merely illus- 
trative, or suggestive. The table is made up with the higher heating 
values, but many of the data available on the thermal economies are 
based on the lower heating values. The ratio of higher values to the 
lower ones is about 1.05 for heavy and light oils, and is 1.10 or more for 
gases, depending on the percentage of available hydrogen present, and 
these relations may be used in changing from one heat value to the other 
if more definite information is not available. 


7See Judge’s “‘ Automobile and Aircraft Engines.” 
8 See Hirshfeld and Ulbricht’s “ Gas Power.” 
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170. Economy.—(a) The thermal economies of the several types of 
internal combustion engines, operating under full load, vary appre- 
ciably one from another, as may be seen from Table VIII. Further- 
more, the same engine gives very different fuel consumptions, and, 
hence, thermal efficiencies, at various loads, as shown by Fig. 135. 

(b) Some typical performance curves of a modern Diesel engine,® 
operating under various loads, are shown in Fig. 136. Additional curves 
representing both the indicated and brake thermal efficiency may be 
drawn from the mechanical efficiency and the fuel consumption per 


Brake m.e.p.-Lb./ sq. ine te 
0 20 40 60 80 100 oe 
Fuel in 4 cyl, 21 is 22” 300 I. Dettiy 3 
Lbs per single acting 
br. 4-stroke eycle, [ig a 1400 
: DIESEL 5 3 
= 2% L120 
S23 ats) 8 
as 3 = F800 g 
aoa 5 
0.60- 500 100 1000 & 
600 b 
0.554 z 
0.50-} 400 80 800 5 
0.454 400 3 
0.40+ 300 60 600 3 
0.354 200 EI 
0.30- 200 40 400 
0.254 
0.20 100 20 200 
“0 2 650 5 100 0 200 400 600 800 1000 1200 
% of Full Load B. hp, 
Fia. 135.—Variation of Fuel Fia. 1386.—Performance Curves for a Diesel 
Consumption with Load. Engine. 


b.hp.-hr. Other types of engine exhibit curves of somewhat similar 
character. 

(c) In Fig. 137 are shown the various efficiencies of a 1250 hp. 
marine Diesel engine. The curves were plotted from the data 1° ob- 
tained by a representative body of British engineers, known as the 
“Marine Oil Engine Trials Committee.’”’ These tests were very com- 
plete and made with great care. The engine being a marine one, the 
tests were carried out at various engine speeds corresponding to service 
conditions. It should be noted that the engine efficiencies as shown 
in Fig. 137 are based upon the ideal cycle efficiencies that were cal- 
culated by the authors of this text for the different mixture ratios found 
in the tests, with y assumed to remain constant at 1.37. They realize 
that for the various cut-off ratios the average value of y will change 


® Engineering, June 6, 1924, p. 732. 
1° Reported in ‘‘ Engineering,’ Nov. 28, 1924, p. 750. 
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slightly, but the law governing this variation has not yet been deter- 
mined, so far as they are aware. In the results given by the British 
engineers the engine efficiencies were based on a constant value of the 
ideal cycle efficiency of 52 per cent. 

It is important to note how the variation in engine speed and power 
affect the several efficiencies. At the rated load the ideal cycle effi- 
ciency is appreciably lower than it is at one-quarter load, but the 
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Fic. 137.—Tests of a Marine Diesel Engine, 6 Cylinders 24.4’’X38.4”, Rated at 
1250 hp. at 125 r.p.m. 


mechanical efficiency more than offsets this difference so that the 
“ engine efficiency ” is very much better at the full load. 

(d) How the efficiencies vary with the speed of an engine is shown 
in Fig. 138, which presents the results of a test!! on a Liberty Airplane 
engine of 12 cylinders 5” X 7”. 

These results are for a carburetor adjusted to give greatest power 


1 See Report No 102, “ Performance of a Liberty 12 Airplane Engine.” National 
Advisory Committee for Aeronautics. 
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at each speed for an elevation approximately at sea level, and at the 
same time the attempt was made to use the least fuel possible without 
reducing the maximum power. For this figure the thermal efficiencies 
have been calculated on the basis of the higher heating value. whereas 
in the report they were on the lower one. These thermal efficiency 
curves represent test conditions in which a considerable waste of fuel 
takes place in order to 
secure the most power 
possible at each speed. In 
the heat balance an item 
of unaccounted for loss 
amounting to from 16 to 26 
per cent appears to indicate 
that this waste was due to 
unburned fuel because of 
the rich mixture. 

171. Heat Balance. — 
(a) Whenever a complete 
test is made on any kind 
of heat engine or plant it 
is possible to make a tabula- 
tion showing how all of the 
a elaine heat energy supplied has 

4oo4 been accounted for. Such 
3 a table is often called the 


Lh, Per Sq. In. 


Brake Mean Effective Pressure 


Efficiencies in Per Cent 


380A, 

ao £ , heat balance’ because 
it includes the item of 

oe “unaccounted for ”’ energy 

3208 in order to balance the 

300 account. 


1200 1400 1600 1800 2000 
R.P.M, 


(b) Table IX represents 

Fig. 138.—Test of 5X7" Twelve-cylinder a typical heat balance of 

Liberty Engine. a modern Diesel engine,!? 

that has a high thermal effi- 

ciency. These same results are shown graphically in Plate V of the 

Appendix. One great advantage in studying such a heat balance is 

that it shows at a glance just where the large losses are, and how 
they compare with similar losses in other engines. 


See “Further Experimental Work on Diesel Engines,” by Engineer-Com- 
mander R. Beeman, “‘ Engineering,” May 9, 1924, p. 624. 
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TABLE IX 
Heat BaLance or Marine Diese, ENGINE 


Mean Pressure = 142 Ib. per sq. in., r.p.m. = 390, i.hp. = 442, Higher H.V. = 19,300, 
Lower H.V. = 18,100, B.t.u./lb. 


Heat Supplied, in Heat Accounted for, in B.t.u. per Min. | Percentage 


B.t.u. per Min. | 
By fuel... ....38,480 | Brake horsepower .............. 14,255 36.7 
By ull eee ee ooun | Mechanical! frictions. 4.4. 1.09 < 4,450 11.5 
Jackethand/= covers sms re 4,850 12.5* 
nals Gevalie nme rs ee ree 545 1eAat 
IRistonscoolin Proll eee rs 1,050 Dhhe 
ID ae PANES 5 us an coos seecc . 12,225 31-5 
RACALON. ClCanme ree wee re 1,435 3.7 
(By difference) 
Total... .. .38,810 Soy races eels cotencearnacy Meee toh tutac 38,810 100.0 


* 16.6 per cent total loss to cooling media at engine. 
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CHAPTER XV 
PROPERTIES OF VAPORS 


172. Vapors and Gases.——(a) In Sect. 13 it was stated that the 
engineer finds it convenient to speak of a vapor as one of the four 
phases of a substance. So important are certain vapors, such as steam, 
ammonia, and carbon dioxide, that he must consider them in great detail. 
He commonly designates the several stages of vapors as saturated, 
superheated and supersaturated ones—terms to be considered presently. 
In general, however, a vapor may be defined as the condition of a sub- 
stance that is intermediate between the liquid and gaseous states and 
is such that it fills the entire container and thereby exerts a pressure, 
as does a gas, but it does not follow the laws of ideal gases even approx- 
imately. 

(b) So important in heat-power engineering are certain vapors, and 
so complex are the relations between their properties, that much effort 
has been expended to determine them experimentally as accurately as 
possible and to give them in a form convenient for use. Very elaborate 
tables of these properties, known as Vapor Tables, have been prepared 
for such substances as steam, ammonia and carbon dioxide. But 
such tables cannot be used properly by anyone until he understands 
fully the technical meanings of all the terms used. These definitions 
will now be given. 

173. Formation of Vapor at Constant Pressure.—(a) When a liquid 
is heated under constant pressure} its temperature will first rise until 
it reaches a certain value which is dependent upon the pressure under 
which it exists, after which further addition of heat will cause some 
of the material to change physical state at the constant temperature already 
fixed by this pressure. The amount of material that has changed 
state will increase as this further addition of heat progresses, and if 
sufficient heat is added all of the liquid present will thus change its 
phase into what is called a Vapor. 


1 This pressure is assumed to be less than the critical pressure, a term to be defined 
later in this chapter. 
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(b) Consider a vertical cylinder fitted with a frictionless, loaded 
piston, and provided at its bottom with a valve, as shown in Fig. 139. 
The combined weights of the piston and its load, 
together with the atmospheric pressure produce a 
constant force acting downward on the piston. 
Now, suppose a pound of liquid at 32 deg. fahr., and 
volume V, cu. ft. be forced into the cylinder below 
the piston and let P, lb. per square foot be the 
pressure that is just sufficient to accomplish this. 
The work done during this process is_ therefore 
P.V> ft-lb., or AP,V, B.t.u. 

(c) The energy expended thus in forcing the Fie. 189. 
liquid into this cylinder may be represented only on 
_the PV-diagram and is shown in Fig. 140(a) by the rectangle abzo. 
At low pressures this energy is very small in comparison with the 
other energy quantities involved with vapors; however, at high 
pressures it is large enough to demand consideration. Thus, if the 
liquid be water at 32 deg., its specific volume is very close to .016 
cu. ft. per pound; hence, for a pressure of 1000 lb. per square inch, 
AP,V,; = 144 X 1000 X 
016/778 = 2.96 B.t.u. 
per pound. 

(d) Next, with the 
pound of liquid all in 
the cylinder, consider 
the valve to be closed 
and assume that there 
is no leakage, and let 
His heat be transferred to the 

liquid. Then two re- 

sults will be apparent: 

the liquid will rise in 
temperature appreciably, and its volume will increase. However, 
there will soon be reached a state c such that the temperature does 
not increase any more, but if heat is still added some of the liquid 
will form into vapor, and consequently the volume will increase very 
rapidly. This vapor is now at the temperature that is called the 
Saturation Temperature, or the Temperature of Vaporization (t,) for 
this particular pressure. The material when in this state c may very 
properly be referred to as Saturated Liquid, because no more heat can 
be added to it at this pressure and still have it all remain liquid. The 
volume of a saturated liquid will be represented in general by the symbol 
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V,. For water under a pressure of 1000 lb. per square inch the value 
of tf, would be 545 deg. fahr. and V; would be 0.0217 cu. ft. per lb., or an 
increase of about 30 per cent over its volume at 32 deg. Had the pres- 
sure been higher, the saturation temperature would have been corre- 
spondingly greater, and vice versa. 

(e) The amount of heat added to the unit weight of liquid during 
the constant pressure process bc is represented by the area bemn in 
Fig. 140(b) and is called the Heat of the Liquid, which will be repre- 
sented by the symbol gq. Thus, since t.=ty 


to 
qd -{ cpdt. ovis . . . . . . (196) 
lb 


Tc 
(f) The gain in entropy during the process be is equal to i ae 
Ty 
Hence, for the one pound, ; 
Tre v 
Agu. = ‘i Gol = (very nearly) 7, log. ae « “ae Se 
ne di Ty. 


in which ¢, represents the mean specific heat of the liquid for the par- 
ticular pressure and temperatures involved. This gain in entropy is 
represented by the distance nm in Fig. 140(6). 

(g) Now if heat be added to the saturated liquid in the cylinder, vapor- 
ization will take place at constant pressure and temperature. If a 
sufficient amount of heat be added the entire weight of liquid will 
become transformed into vapor whose state may now be represented 
by d in Figs. 140(a) and (b). During the progress of the process cd 
the vapor and its liquid are at substantially the same temperature,” 
and the space between the surface of the liquid and the piston is filled 
as full as it can be with this vapor,—or in other words, this space is 
saturated with vapor at the particular pressure used. As long as any 
liquid exists in the chamber the density of the vapor remains constant 
at its saturation value, which is also the maximum for the given pressure. 
In this condition the material is said to be Saturated Vapor, and its 
corresponding values of pressure and temperature are called the Satura- 
tion Pressure and Saturation Temperature, respectively. 


2 The liquid in this case is at a slightly higher temperature than the vapor due 
to the hydrostatic pressure of the liquid and also to the fact that, in most actual 
cases, the heat is not applied exactly alike to all parts of the liquid. This small 
difference, however, is of no great importance except in the accurate calibration 
of thermometers, or in cases in which the vapor pressure is very low. 
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It is apparent from Fig. 140(b) that the temperatures at c and d 
are equal, and by the original hypothesis the pressures are equal; hence, 
it follows that the values of the saturation pressure and temperature for 
the saturated liquid are respectively the same as the values for the 
saturated vapor. It is for this reason that tables giving the properties 
of both the saturated liquid and saturated vapor have but one column 
for temperatures and one for pressures. 

(h) The amount of heat added at constant pressure to the unit weight 
of liquid in order to vaporize it completely is called the Latent Heat of 
Vaporization, and is represented by r. Evidently r is shown by the 
area cdlm in Fig. 140(b). 

(i) The gain in entropy during vaporization at constant pressure 
is known as the Entropy of Vaporization and for the unit weight is 
represented by ¢,. Evidently, since the temperature is constant, 

(fe 


by == T,. . . . yn) . . . . (198) 


~ and it is shown by the distance ml in Fig. 140(b). 

(j) The increase in volume of one pound of substance during vaporiza- 
tion at constant pressure is designated by u. Hence, if V4 represents 
the volume of one pound of saturated vapor and V; the volume of an 
equal weight of the saturated liquid at the same pressure, it follows 
that w= Va— Vi, and that APu must represent the amount of 
external work done, in B.t.u. per pound, by reason of the increase in 
volume during this process of forming a vapor at constant pressure. 
The quantity APu is called the External Latent Heat. 

(k) If from the latent heat, r, there is subtracted the external 
latent heat, APu, it will be found that there is an extremely large 
portion left. Since this remainder represents the gain in internal 
energy during the constant pressure process of vaporization it 1s called 
the Internal Latent Heat, and will be represented by p. Evidently, 


i= API ah to arm eoeiel (LOO) 


It is interesting, although not essential to engineers, to speculate 
on the reasons for the large value of the internal latent heat. It appears 
that in order to separate the molecules of a liquid far enough from 
each other to form a vapor an enormous amount of energy is expended, 
and it is sometimes spoken of as the “ disgregation work.” 

Recent investigations have led to the conclusion that liquid water 
is a more complex material than was originally supposed. It seems 
probable that instead of being simply a collection of molecules with the 
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formula H,0, it is really a mixture of at least three different kinds of 
molecules, H20, (H2O)2 and (H2O)s. It also seems probable that 
during the formation of vapor some of the more complex molecules 
break up into the simpler form, since steam is merely H20. If this is 
so, a possible use of at least part of the internal latent heat in the case 
of water becomes evident since it would be used for breaking up the 
complex molecules. 

(1) Now, starting at d in Fig. 140, suppose that still more heat is 
added at constant pressure to the vapor just after the last drop of 
liquid has been vaporized. The result will be an increase in the tem- 
perature and volume of the vapor, which is now spoken of as a Super- 
heated Vapor ® because it has a higher temperature than saturated vapor 
of the same pressure. The superheated state is represented by e in 
Fig. 140. The Degree of Superheat,? which is represented by D, is 
defined as the difference between the temperatures of the superheated 
and the saturated vapors for the same pressure. Evidently for the case 
represented in Fig. 140, for the pressure p., 


De = te no ta = (tie a tsat) p,. . . Sap has . (200) 


(m) The amount of heat required to carry out the process de for a 
unit weight is called the Heat of Superheating and is equal to ¢,D, where 
Cp represents the mean specific heat of the superheated vapor for the 
particular pressure and the temperatures involved. The values of 
Cp» vary over a wide field, and they will be considered in detail later for 
different vapors under various conditions. 

(n) The gain in entropy between d and e is called the Entropy of 
Superheating, and will be represented by ¢p. Evidently, for one pound 


Te 
et (te Cee a - Tsup 
op = T = ii 7 = (very nearly) ¢» log, (Fe) « (01) 
= distance lk, in Fig. 140(b), to scale. 


174. The Saturation Lines.—(a) Consider the one pound of the 
same liquid used in the preceding section to be heated in the same 
cylinder as before, but this time with a greater weight on the piston; 
or, in other words, the heating is still to be done at constant pressure 
but at a higher value than in the previous case. Let this process be 
repeated again and again, always starting with the liquid at 32 deg. 
fahr. and under the successively higher pressures 1, po, p3, pa at which 
the vapor is to be formed. Let bi, bo, b3, and bg in Figs. 141(a) and (b) 
represent the several initial states of the liquid at 32 deg. It will be 


’ For pressures higher than the critical, see Sect. 183(f). 
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noticed, in Fig. 141(a), that the volumes of the liquid at this constant 
temperature are almost the same, the line bob4 being nearly vertical. 
There is, however, a slight degree of compression in all liquids at 
constant temperature. From Fig. 141(b), it may be seen, by referring 
to points bo, b1, bz, etc., that, in general, the entropies are also slightly 
less for each successively higher pressure of the liquid at 32 deg. 

(b) After the liquid, in each of the above cases, has been heated at 
constant pressure to the various saturation temperatures corresponding 
to the several pressures, p1, P2, p3, and pa, the respective states of the 
liquid are those represented by ci, cz, cz, and cg. Similarly, the several 
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Fig. 141(a). 


states of the saturated vapor at the pressures pi, p2, p3, and pa are 
shown by dj, dz, d3, and d4, respectively. 

(c) If, for each pressure, the vapor is now superheated until it has 
the same final temperature ¢,, the several superheated vapor states 
are represented by e1, é2, e€3, and es, respectively. It should now be 
apparent that each line bicid1e1, beced2e2, etc., in this figure corresponds 
to bede in Fig. 140, but each is for a different pressure, although the 
initial states bi, b2, etc., are each for liquid at 32 deg. 

(d) Let the states represented by dj, dz, d3, and d4 be joined by 
smooth curves on both the pressure-volume and temperature-entropy 
diagrams of Fig. 141, as shown. In each diagram such a curve is 
called the Saturated Vapor Line, or sometimes, although less accurately, 
simply the Saturation Curve Similarly, if the states represented by 
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C1, €2, ¢3, and c4 be joined by a smooth curve on each diagram, the 
resultant line is properly designated as the Saturated Liquid Curve. 
Often this curve is called simply the Liquid Line, but this term is 
somewhat indefinite, because there are other liquid lines, such as bic, 
bece, etc., shown in Fig. 141. The saturated liquid line on any diagram 
is the locus of states of the liquid such that furtheraddition of heat at each 
existing pressure will cause vaporization to begin, just as the saturated 
vapor line is the locus of states such that further addition of heat at 
constant pressure will cause superheating to begin. 
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(e) The actual curvatures of the two saturation lines defined above 
depend upon the kind of substance used and on the range of pressures 
and temperature involved. However, for every material there is some 
state at which these two saturation lines merge, as shown by c4 and d4 
coinciding in Fig. 141. This state is known as the Critical State, corre- 
sponding to which are a critical pressure, a critical volume, a critical 
temperature, and, similarly, critical values for the other properties, 
entropy, heat content, and internal energy. It should be noted that 
for the critical state the latent heat of vaporization is zero. For 
pressures higher than the critical, the discussion will be found in Sect. 
183. 
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175. The Zero of Internal Energy and Entropy of Vapors.—(a) In 
Sects. 16 and 58 it was pointed out that internal energy and entropy 
cannot be measured above an absolute zero. However, each of. these 
properties may be measured above some conveniently, but arbitrarily, 
chosen zero, and then, for different states of any vapor for which certain 
properties have been carefully determined, a large number of values 
may be calculated and tabulated in the Vapor Tables. In making 
up such a list of tabulated values it is entirely logical to take for the 
zero of internal energy and entropy that state in which the substance is 
a liquid at the temperature of 32 deg. fahr. and under an absolute pressure 
of tts saturated vapor, or in other words the datum is the saturated liquid 
at 32 deg. fahr. At this temperature the saturation pressure is very 
low in the case of water, viz 0.0887 lb. per square inch; but for ammonia 
it is 62.29, and for carbon dioxide it is about 505 lb. per square inch. 
Since the two latter vapors are often used in refrigeration at tempera- 
tures much below 32 deg. their vapor tables are often based on a dif- 
ferent zero. Thus in the recent Ammonia Tables of the U. 8. Bureau 
of Standards* the zero of entropy and heat content was artibrarily 
chosen as saturated liquid ammonia at a temperature of —40 deg. fahr., 
corresponding to which the vapor pressure is 10.41 lb. per square inch 
abs. 

(b) Supposing that the saturated liquid at 32 deg. fahr. is chosen 
arbitrarily as the zero of internal energy and entropy, it is now desirable 
to examine the results that follow from such an assumption. In Fig. 141 
the zero state of the substance may be represented by bo, and it is 
apparent from this figure that, for the liquid at 32 deg. fahr. but at 
the higher pressures 7:1, p2, etc., the corresponding entropies are appre- 
ciably less. This figure represents the case of carbon dioxide drawn to 
scale and the region to the left of the saturated liquid line is one in 
which actual properties of the liquid may sometimes be needed in 
refrigeration. Having the zero of entropy established at the state bo, 
the entropy at the state such as 64 having a higher pressure than po, 
although at the temperature ¢o, must have a negative value. 

(c) For the case of water the values of the entropy at the states 
bo, 61, bs, 63, and b4 are so very close together that their differences 
are too small to be considered of significance in most engineering 
applications. Hence on the 7’'¢-diagram for this material the constant 
pressure lines of the liquid almost coincide with the saturated liquid 
line and generally therefore only the latter curve bociczcgc4 is drawn, 
and no negative values of the entropy of water usually need be con- 
sidered. 

4 See Circular No. 142, Tables of Thermodynamic Properties of Ammonia, 1923. 
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176. The Heat Content of Liquids and Vapors.—(a) In Sect. 17, 
which should now be reviewed thoroughly, the general definition of 
the heat content of any substance in any state was given as the sum 
of its internal energy in that state and its pressure-volume product. 
Thus, 

Hed +APV,.° «a <a = 1202) 
or, for one pound 


Ise oR ARV co eae lees 


(b) The last terms of the aboye equations can never be entirely 
equal to zero, because neither the pressure nor the volume of any 
substance can be reduced absolutely to zero. Hence, for a substance 
in the form of a liquid et the temperature and pressure corresponding 
to the state in which the internal energy, 70, is arbitrarily chosen as zero 
the value of Ho would be APoVo, which may very properly be thought 
of as negligible in many cases, and in others it must be considered. 
For example, if the saturated liquid at 32 deg. fahr. is chosen as the 
zero of internal energy, the following values of ho are obtained: 


Tor ammonia, 
APoVo = 144 X 62.3 X .025/778 = 0.29 B.t.u./Ib. 
For carbon dioxide, 


APoVo = 144 X 505 X .018/778 = 1.68 B.t.u./Ib. 
For water, 
APoVo = 144 X .0887 X .016/778 = 0.003 B.t.u./Ib. 


(c) The numerical values of the heat content of a saturated liquid, 
a saturated vapor, or a superheated vapor may usually be obtained 
directly from a modern vapor table, or chart, in which the important 
properties of the particular fluid under consideration are arranged in 
convenient form for use by engineers. Such charts or tables always give 
specific quantities, and in this country the pound is the unit of weight used. 
(d) The numerical value of the internal energy of a liquid or vapor 
in any state is commonly not given in the vapor tables, but it may 
be readily determined as soon as the three quantities, heat content, 
pressure and volume, are known. Thus, for example, if the pressure 
and temperature of a superheated vapor be specified, reference to the 
vapor table will give the corresponding specific values of heat content 
and volume. Hence APV may be found, and consequently 
Dm ToS APY, fae SA ee 
or, for one pound 
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(e) The difference in heat content of any substance in two different 
states, but at the same pressure, is equal to the amount of heat that must be 
added to the substance to carry out a constant pressure process between 
the two given states. Hence, it follows from the definition of the heat 
of the liquid (q), as given in Sect. 173(e), that ¢.=h.-—hs=h.-— APwV», 
it being assumed that the liquid at b is atthe temperature ¢, for 
which the internal energy, 7, is taken as zero. Hence, h, = q+ ho 
= q+ APsV>. In other words, for a unit weight, the heat content of a 
saturated liquid (h.) 7s greater than the heat of the liquid (q.) (as defined 
in Sect. 173 (e)) zn the same state, by the quantity hyx—which in turn is 
equal to APsV», if the internal energy of the liquid (is), at 32 deg. and 
whatever pressure it may have, is assumed to be zero. This may be stated 
in another way by saying the heat content (h.) of the liquid includes the 
energy expended in forcing the liquid into the vessel against the con- 
stant pressure maintained therein, whereas the heat of the liquid (q.) 
does not include this energy. Since the specific volumes of liquids are 
small the term AP,V; is not very large except at high pressures, and 
consequently h, and gq, are sometimes considered equal. In general, 
however, the term heat content of the liquid is the better one to use and 
is the one given in many of the modern tables. ‘To illustrate the values 
of AP;V, the following cases are given: 


Liquid ty Pb ' Vo APbVo 
PATA OMLA ove = castes ce wey eee Slee | 32 1000 =| —=S 0.025 4.63 
(CO he 5 4 ore ee eee 32 1000 0.018 Se 
if 10 0.016 0.03 
NV ULCER Bee arc eni honk occa Sere | By 1 1000 0.016 2 96 


(f) The great advantage of using the heat content of the liquid is 
that in most cases of engineering applications the working substance 
is made to flow through some apparatus under steady flow conditions, 
and the equations for this case, as given in Sect. 44, involve the heat con- 
tent of the fluid entering and leaving the apparatus, regardless of what 
transformations take place within it. The flow of fluid through a steam 
boiler furnishes a good example. By means of a feed pump, the fluid 
is forced into the boiler feed pipe, at point 1, when in the form of a 
liquid under high pressure, but at a temperature that is usually 
considerably less than its saturation value corresponding to the 
entering pressure. In the boiler the fiuid receives a large amount of 
heat from the furnace, and usually leaves, at point 2, as superheated 
steam which is at a pressure appreciably less than that in the feed 


5 The proof of this follows directly from Eqs. (5), (8) and (9). 
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line. It is desired to find the amount of heat that has been added 
to the fluid when passing through the boiler. Calling the amount 
of heat supplied by the boiler Qz, it is apparent from the discussion 
of the General Energy Equation given in Sect. 44, if it be assumed 
that v1 = ve, 21 = 22, and R, = 0, that 


Qe = He — Ay, se ee ay ke OE) 
= Whig Whi); = aa, = © ree (cUe) 


in which w represents the weight of the fluid flowing per unit of time. 
The value of hz, which is the specific heat content of the vapor leaving the 
boiler, is determined directly from a steam table for the particular 
pressure pz and temperature t2 observed at section 2. The approxi- 
mate value of hi, the specific heat content of the liquid entering the 
boiler, is found by the following equation: 


hiv= ha ACP? — PV, ol on ee 


in which the subscript a refers to the saturated liquid at the temperature 
t; at which the water is pumped into the boiler. Eq. (205) is derived 
as follows: ; 
By definition, a 

hy = 4, + AP Ni, 
and 


ha = ta + APiVo. 


Hence, a = 
hy — ha = 11 — tg + APiVi — APiVa. 

But since the temperature of the water is not changed appreciably by 
pumping it into the feed line, unless the water is above 300° F., it follows 
that 7, and 7; are substantially equal; also that Vi and V, have practi- 
cally the same value. Hence Eq. (205) results. Since a is the state of 
the saturated liquid at the temperature ¢, = t1, the values of ha, pa, and 
V., may be obtained directly from the saturated liquid table, and 
hence hy may then be calculated from Eq. (205). Then, with hj, ho, 
and w known, Qs may be obtained by using Eq. (204). 

(g) A numerical case will now be given to show the significance of 
Hq. (205): Suppose water at a temperature of 300 deg. fahr. is pumped 
into the boiler feed line in which the pressure is 1224 lb. per square inch 
abs., and that the steam from this boiler leaves at a pressure of 1200 lb. — 
per square inch abs. and at a temperature of 700 deg. fahr. It is 
desired to find the heat added to each pound of fluid passing through 
the boiler, it being assumed that this working substance does not loose 
any heat by radiation, conduction, or convection between entering 
section 1 and the leaving section 2 at which the observations are made. 
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(Note that this statement specifies nothing regarding the losses that 
may take place from the hot furnace gases by radiation or otherwise.) 
The saturation — pressure 
corresponding to 300 deg. 
is found from the table to 


be 67 lbs. per sq. in. ab- g 
solute; or, in other words, § 5 
with t,=300°, then p,=67. E 5 «| -—-ASat, Liquid Line 
Figure 142 may be used to Z 


show in exaggerated form 
the distinction between 

states a and 1, when 7; = han . aoe 
1224, and t; =300 deg. fahr. 
From the steam tables giv-. 
ing the properties of the saturated liquid, ha = 269.5 B.t.u. per pound 


and V, = 0.0174 cu. ft. per pound; hence, from Eq. (205), 


e7-----bq, 


Jer, eb 


144 
hy = 269.5 + zg teed — 67)(.0174) 


269.5 + 3.7 = 273.2 B.t.u. per lb. 


From the tables for superheated steam, with pz = 1200 and tz = 700, it 
is found that he = 1310.6; hence the heat added to each pound of fluid 
flowing is ho — h; = 1810.6 — 273.2 = 1037.4 B.t.u. per pound. 

The value of the term A(Pi — P.)V, for this case is nearly 4 B.t.u. 
per pound, and this is an amount of energy that should not be ignored.® 

(h) In general, then, it may be said that whether the substance 
is a liquid or a vapor (saturated or superheated), its heat content becomes 
a property of the utmost importance. If the problem is one of steady 
flow, as is the case in most power plant and refrigeration problems, 
the heat content is the term that usually is the largest factor appearing 
in the general energy equation (Eq. (21)) which would be used. Fur- 
thermore, in case a definite amount of working substance is enclosed 
in a cylinder, or similar apparatus, so that the Simple Energy Equation, 
Eq. (9), applies, the gain in heat content between the initial and final 
states is equal to the heat added to the substance during a constant 
pressure process between these states. Jor other processes the heat 
added is not equal to the difference of the heat contents and the method 

6 With temperatures above 300° F. the compressibility of water is appreciable. 
For such cases the isothermal and isentropic compression curves are considerably 
apart, but Eq. (205) may still be used with satisfactory accuracy if the state a then 
be taken as saturated water having a temperature the same as the actual feed water 
before entering the feed pump. See Sect. 204(f), (page 324) and also the paper by 
Professor Keenan, Mech. Eng’g., Feb., 1931. 
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of treatment will be given in the next chapter. In all cases, however, 
it must be remembered that the heat content is a function of state 
alone, as is shown by Eq. (202). 

177. Quality—(a) The engineer often deals with enormous masses 
of vapor and liquids as they flow at high velocities through pipes and 
various pieces of apparatus. Sometimes the vapor is saturated but 
carries entrained moisture as it rushes along. Such a substance is 
called by various terms, such as ‘ wet vapor,” ” “a mixture of a vapor 
and its liquid,” or simply “a miature”’; and the fraction represented 
by the ratio of the weight of dry vapor to the weight of the entire 
mixture is called the Quality Factor, or Quality of the mixture, which 
will be represented by the symbol z. 

(b) The term quality may also be applied to a definite amount 
of a fluid that may be made to exist in a. container partly as a vapor 
and partly as a liquid, and both at the same temperature, the two 
components being in contact with each other but not mixed. Thus, in 
the case of the formation of the vapor in which one pound of the liquid 
was heated in the cylinder in Sect. 173, the quality of the entire 
pound of the material may sometimes be used to advantage. For 
example, if ten pounds of a fluid are in a container and one pound 
in the form of a dry saturated vapor fills the upper portion, while 
nine pounds of liquid fill the lower part, it may be said that the 
quality of the material present, or of the wet vapor, or of the “‘ mixture ” 
inside this container is 10 per cent, while the quality of the dry vapor, 
considered by itself, is 100 per cent. 

(c) In general then, referring to Fig. 140, in state c the liquid is 
saturated and any further addition of heat at constant pressure will 
cause some vapor to form, hence it may be said that x, = 0. In state 
d, x2 = 100 per cent since the entire weight under consideration has 
become a dry saturated vapor. Then, for any state between the saturated 
liquid line and the saturated vapor line the quality will be intermediate 
between 0 and 100 per cent. 

(d) Sometimes the term quality is used when referring to super- 
heated vapor. In this case the quality of the vapor is not given by 
a percentage greater than 100 per cent, but the degree of swperheat may 
then be said to express the quality of the vapor. 

(e) It is possible to have superheated vapor flowing at a high 
velocity in the upper portion of a pipe line, and at the same time have 
a small stream of liquid flowing along the bottom of the pipe. Such 
cases, however, are not those of thermal equilibrium as the liquid is 
being constantly evaporated and the degree of superheat is being 
continuously reduced. If given time enough equilibrium would be 


7 Also the less satisfactory term “wet saturated vapor’ is sometimes used. 
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established, and the quality of the substance could then be determined. 
Another case, similar to the foregoing, is that in which the superheated 
vapor actually carries entrained drops of liquid until sufficient time has 
elapsed for equilibrium to be attained. 


178. Properties of a Mixture.—(a) Consider any state of a wet 
vapor, or mixture, say a, such that the quality 2, is less than unity. 


Pressure 
Absolute Temperature 


Entropy 


(0) 


Fig. 143. 


In Fig. 143 the state a is shown on the PV- and 7¢-diagrams, and it is 
now desired to find the values of t., V., ®., Ha, and J,, it being assumed 
that the weight of the mixture w,, the pressure p,, and the quality x, 
are known, and that suitable vapor tables are available. 

(b) The temperature of the mixture, ta, may be found directly from 
the saturated vapor table, since t, = ta = t. = tsat. 

(c) The volume of the mixture, V., 18 obtained as follows: The 
specific volume of the saturated liquid V; at the temperature f, may 
be obtained from the vapor table, and since V. = Vat ta, it follows that 
V. = WaVi, or in other words, the volume at c is that which would 
be occupied by the entire weight w, if it were all in the form of a liquid 
at the temperature t,. The increase in volume of one pound during 
complete vaporization at constant pressure has been designated by 
the letter wu, hence u = Va— V., both of these volumes being read 
directly from the vapor table. For a quality a. the increase in specific 
volume during partial vaporization would be x,u; hence 


Vee ee eat We eet xe (206) 


It is important to observe that Eq. (206) gives the correct volume 
for any specified weight of a mixture whose quality and pressure are 
known. For very low pressures the value of w is extremely large 
relative to V;, and for such cases, if the quality is fairly large, the term 
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V1 becomes negligibly small. On the other hand, at very high pressures, 
the value of V, may become even greater than wu. 

(d) The entropy of the mixture, ®,, will now be determined: 

The specific entropy of the saturated liquid, ¢;, at the pressure pa 
is found from the table; hence @, = wad:. The specific entropy of 
vaporization, ¢,, is either given in the table, or may be obtained by 
subtracting the entropy of the liquid from the entropy of the dry 
saturated vapor. Thus ¢, = ¢a— ¢:. Hence 


Dp told; yet n .- B) ea CO 


(e) The heat content of the mixture, Ha, is found as follows: The 
specific latent heat of vaporization, r, for the pressure pz may be obtained 
directly from vapor table, as can also the specific heat content of the 
liquid at state c. Then, since p, = pa, it follows that the heat content 
of the mixture must be: 


For one pound, 
ha 


I 


(hy=F Wal) gos hese aa en eae 


or, for wa pounds, 
He = Wally to Bat) = ws ge USD) 


(f) The internal energy, Ia, of the mixture may be obtained as soon 
as the volume and heat content have been found. Thus 
se he AP Vs, he ee ee 
or for wa pounds, 
I, = Walha — APsV.) = H,— APiVa. . . ~ (2096) 


If the vapor tables give the specific internal latent heat of vaporiza- 
tion, p, it is sometimes more convenient to use the following relations 
for determining the internal energy of the mixture: 


la = (ty +- Lip) Pa 


=h—APiV, +220, <«. .. «= (2104) 
or 
Ia = H,— APWVi+t+watsp. . . . . (210) 


If the pressure is not very high, or if the volume of the liquid is 
negligible, the term AP,V; becomes extremely small and in such cases 
may be neglected, thus giving t2 = i; + x,p. However, in general, it 
will be found better to use Eqs. (209) or (210). 

179. Specifying the State of a Vapor—When dealing with ideal 
gases it was found that the properties p, V, t, ¢, 7, and h were so inter- 
related that fixing any two of them determines the others. 

In the case of saturated liquids, or of saturated vapors, these properties 
are so related that the fixing of one of them determines the others. 
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In the case of a mixture of a liquid and its vapor, or a wet vapor, 
any two of these six properties, except pressure and temperature, will 
determine the state of the vapor. If the pressure and temperature be 
given it is just the same as though only one is known since either one 
of these determines the other. Hence, for this case it is essential to 
specify an additional property, or else give the quality. 

For a superheated vapor the state is completely specified by giving 
any two of its properties. 


-\)»~ 180. Evaporation.—(a) There is sometimes difficulty in harmonizing 
‘| the phenomena of vaporization at constant pressure previously described, 
/ with what is commonly known as “ evaporation.” There is no basic 


difference in the phenomena, vaporization as so far considered being 
only a special case of evaporation at constant pressure. It should be 
remembered that the so-called temperature of vaporization at any pressure is 
really the temperature of the saturated vapor or liquid at that pressure, 
and it is therefore preferable to use for it the term saturation temperature. 

(b) Experiment shows that when the surface of a solid or liquid is 
exposed to any space that 1s not already filled with the saturated vapor of 
that substance, vapor is generated until the space is filled with such sat- 
urated vapor, unless the substance present is insufficient in amount. 

If the condition of equilibrium is reached, the saturated vapor must 
exert the pressure corresponding to the temperature. Until this 
equilibrium is attained, any vapor present must be superheated vapor 
because the number of molecules in a given space is less than would 
be the case if the space were filled with saturated vapor. Superheated 
vapor, however, exerts a pressure less than that of the saturated 
vapor at the same temperature. 

It follows that the pressure under which the liquid thus changes to 
vapor must constantly increase until a maximum is reached, when 
the space becomes filled with saturated vapor. After that there can 
be no further change in the relative quantities of liquid and vapor present 
unless the temperature changes. 

Since heat is required to change a liquid to a vapor under the above 
conditions, a supply of it must be obtained from sorhe source to cause 
“evaporation.” If heat is not supplied from external sources, it is 
taken from the liquid and surrounding matter; hence the sensation of cold 
when alcohol, or other volatile liquid, is quickly evaporated from the skin. 

(c) Usually the space into which the vapor passes contains other 
material beside the vapor; for example, some air is almost always 
present. Dalton’s law® states that each constituent of such mixtures 
behaves as though the others were not present. Therefore, the phenomenon 

8 See Sect. 75. 
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is not in any way complicated, although the evaporation is retarded 
somewhat, by the presence of any number of other vapors and gases. 
The evaporation goes on slowly until the space is filled with the saturated 
vapor of the material in question, and only then is equilibrium reached. 
The vapor will then have all the properties given numerically in its 
saturated vapor table opposite the existing temperature, but the total 
pressure in the closed vessel is made up of the individual pressures of the 
several gases and vapors composing the mixture. 

When some of the constituents of such a mixture are saturated 
vapors, the ideal gas laws cannot ordinarily be used if great accuracy 
is desired. When, however, the quantity of such vapors is minute as 
compared with that of the gases present, the error resulting from the 
use of the gas laws is small, and for the sake of simplicity those laws 
are often used and the error is neglected. 

When a space is thus filled with the saturated vapor of a material, 
it is said to be saturated with that vapor or with respect to that vapor. 
Because of a peculiar construction of this expression an incorrect idea 
has become fixed in engineering language. It is somewhat common to 
speak of air saturated with water vapor, whereas the real meaning is 
that a space occupied by air is also occupied by saturated water vapor. 

181. Boiling —(a) Heat is often added to a liquid at such a rate and 
such a way that the temperature of one part becomes higher than that 
of adjacent parts; that is, loce! heating takes place. This is the 
result when the rate of the addition of heat at any point exceeds the 
rate of heat conduction through the material. Such heating raises the 
temperature locally to the saturation value corresponding to the pres- 
sure, after which further addition of heat would cause local vaporization; 
that is, a smaii amount of the liquid inclosed within the rest would be 
converted into vapor which would appear as a bubble. 

The pressure at any point within a liquid at rest must be that due 
to the static head of the liquid above that point plus the pressure due 
to any material resting upon the surface. Therefore, the bubble of vapor 
would be formed under that pressure and, during formation, would 
have to displace the column, or “ piston,” of liquid above it against 
that pressure. 

The bubble, being less dense than the surrounding liquid, would 
rise, but if the temperature of the liquid thus encountered were lower 
than its own, it might entirely condense before reaching the surface. 
This process continued long enough would bring all the liquid approx- 
imately to the same temperature, after which the bubbles traveling 
upward through the liquid would escape as vapor from the surface. 

Liquid is said to be in a state of ebullition or to be boiling when it 


UNSTABLE STATES OF LIQUIDS AND VAPORS 261 


is in such a state that bubbles of vapor formed within its mass pass 
up and out through its surface. 

(b) The bowling point of any substance is defined as the temperature 
at which there is equilibrium between the liquid and its vapor, the liquid 
being under a total pressure equal to the vapor pressure. Unless other- 
wise specified the pressure is usually understood to be that of the stand- 
ard atmosphere; but for this condition it is better to use the term normal 
boiling pornt. 

In case the substance is a mixture of two or more liquids, the boiling 
point is that temperature at which the sum of the several vapor pres- 
sures becomes equal to the total external pressure on the mixture. In 
general, the boiling point of a mixture cannot be inferred from the boil- 
ing points of its components. The composition of the vapor mixture is 
usually not the same as that of the liquid mixture in thermal equili- 
brium with it. 

-\y- 182. Unstable States of Liquids and Vapors.°—(a) In the previous 


.’” discussion in this chapter it was assumed that the liquid and its vapor 


lwere always in thermal equilibrium, except in the cases mentioned in 

hich it was possible to have superheated vapor in contact with its 
liquid, equilibrium not being established because of lack of time for its 
accomplishment. 

(b) There are certain other unstable states, of very different types 
from the foregoing, and these will now be mentioned. For example, it 
can be shown by a very careful experimenter that pure water, from 
which all absorbed gases have been removed, may be heated very 
slowly and very quietly to a temperature much above 212 deg. fahr., 
although under an absolute pressure of only one atmosphere. When 
in this condition the liquid is termed a superheated one and ié is very 
unstable, the least bit of stirrig or jarring being sufficient to cause it 
to boil most violently, or almost explode, as a small amount of vapor 
is formed, thus absorbing the surplus heat and restoring equilibrium 
conditions between the temperature and pressure. 

Similarly, if pure water under atmospheric pressure is cooled very 
slowly and quietly, its temperature may be lowered to about 20 deg. 
fahr. without the formation of ice, but the liquid is then in a very 
unstable state. In this condition it may be called an undercooled or a 
supercooled liquid, and the least disturbance of it will cause crystals of 
ice to appear throughout its mass, thus giving up sufficient latent heat 
of fusion to bring the mixture up to the normal freezing temperature. 

These cases of unstable states of liquids are not, in general, encoun- 
tered in ordinary engineering processes. 

9 This Section may be omitted in short courses. 
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(c) If a dry saturated vapor have heat abstracted from it very 
slowly and quietly it may be cooled considerably below the saturation 
temperature corresponding to its pressure, without any condensation 
taking place. It is then said to be a supercooled or supersaturated vapor ; 
and it is very unstable. If a single drop of liquid or any dust be intro- 
duced into vapor in this state, condensation will immediately begin 
and thus soon will restore the equilibrium. This case of vapor super- 
cooled quiescently is not, however, so likely to occur in engineering as is 
the one in which cooling results by reason of a very quick expansion. 
A good illustration of the latter occurrence is found in the modern 
steam turbine, in the nozzle of which the vapor may pass from one 
region to another of lower pressure in an almost inconceivably short 
period of time—say, gotoo Second,—and under these conditions con- 
densation probably does not take place rapidly enough to maintain 
equilibrium and the vapor may therefore become supersaturated. Vapors 
in this state will be discussed further when dealing with steam turbines. 
When not otherwise stated, however, it will be assumed that all of the 

‘discussions that follow are for vapors that are in equilibrium states. 

183. Continuity of the Liquid and Gaseous States.—(a) It has 
already been stated that no real gases obey exactly the laws of ideal 
ones, but that it may be assumed without great error that those which are 
farthest removed from the conditions of liquefaction do obey these laws. 

The study of materials in the liquid, vaporous, and gaseous states 
shows clearly that any material may be made to pass directly from one 
of these states to the other. This may be presented by means of Fig. 
144. It should be clearly understood, however, that this figure is 
qualitatively but not quantitatively correct; that is, it is not drawn 
to scale, nor does it exactly represent the behavior of any real material. 
However, for all known materials, it shows the general natwre of the 
processes under consideration. 

(b) The diagram is for unit weight of material on pressure-volume 
coordinates, and each of the lines acdz is an isotherm. Starting with the 
lowest one of the series, the point a represents the pressure and volume 
of a unit weight of liquid at temperature 7. It should be noted that 
the pressure p, is much higher than the saturation pressure p, for 
this temperature. If the pressure is decreased while the temperature 
is maintained constant, the volume of the liquid will increase very 
slightly until the saturated liquid line is reached at the point c. Further 
expansion at constant temperature will result in a progressive vaporiza- 
tion at constant pressure, as shown by the horizontal line cd. At d 
all of the liquid has become transformed into a saturated vapor. A 
further decrease of pressure at constant temperature will cause this 
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vapor to become superheated and to be more and more like an ideal gas 
the further the expansion is continued. Since the isothermal expansion 
of an ideal gas is according to the law PV = a const., the isotherm dz 
approaches this form of curve as the expansion proceeds to still larger 
volumes and lower pressures. 

Starting from a1, with the material in liquid form at a temperature 7; 
higher than 7’, a similar process carries the material isothermally to 
21. The same statements can be made for all other starting points at 
different temperatures up to some such value as 73, when the process 
will be somewhat similar 
to that shown by the 
curve a3¢323. In this case 
the points c3 and d3 have 

ae Hh Gaseous 
become coincident, the i Region 
saturated liquid having the H 
same volume at pressure 
P3 as does its saturated 
vapor, and there is no dis- 
tinction between them. 
This point represents the 
critical state, and the 
critical isotherm is shown 
by Ts. 

(c) At temperatures 
higher than the critical, 
such as 74 and 7's, the 
isothermal expansions be- 
gin with the substance in 
the states represented by Specie Niclume 
a4 and as, and the curves Vie. 144, 
become more nearly rect- 
angular hyperbolas (PV = a const.) as they are drawn for higher and 
higher temperatures. Until recently it has been considered that a substance 
when kept above its critical temperature could exist only as a gas, but 
the work of Bridgman!° and Tammann!! at extremely high pressures 
shows that it may be made to solidify. The only requirement seems 
to be the application of sufficient pressure. In some of his experiments 
Bridgman used pressures of about 600,000 lb. per square inch. He 
states that “an ordinary liquid under a pressure of 200,000 lb. per 
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10 Properties of Matter under High Pressure, by P. W. Bridgman, Mech. Eng.., 
March, 1925. 
The States of Aggregation, by Gustav Tammann. D. Van Nostrand. 
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square inch loses in volume about 33 per cent,” and that “ the facts 
seem to be that by applying enough pressure to any liquid you can 
force it to freeze.” 

(d) Above the critical pressure the distinction between liquids and 
gases ceases to exist. Condensation and vaporization phenomena in 
which part of the substance is a liquid and part a vapor, as previously 
described in this chapter, no longer occur. Instead, the substance 
can be made to pass continuously and homogeneously from the so-called 
liquid field into the adjoining one. This continuous transformation is 
one in which the entire mass of substance remains homogeneous through- 
out the process which may be made to occur in any manner desired, pro- 
vided it is not carried across the saturation curves. For example, a 
liquid under pressure such as shown by the state e in Fig. 144 might 
be heated under increasing pressure and volume, as shown by the 
line ef, until it crosses the critical isotherm at a pressure higher than 
the critical value. No evidence would be given by any of the charac- 
teristics of the substance to show that it changed from the liquid to 
the gaseous phase, because above the critical pressure there is no strict 
boundary between these regions. 

(e) On the other hand, by carrying out the processes represented 
by the isotherms below the critical, such as acdz, ajcidiz1, etc., real 
boundaries, represented by the saturation curves, may be determined 
experimentally simply by observing the abrupt changes that take place 
at the saturation lines. These same boundary curves may also be 
located experimentally by following out a series of constant pressure 
processes as previously described in connection with Fig. 141(a). 
After the critical temperature and pressure have been found for a 
substance, the critical isotherm may be drawn as shown in Fig. 144, 
as soon as sufficient values of pressure and volume at this temperature 
are known. Note, however, that the critical isotherm could never be 
found experimentally by following such paths as are represented by 
the dotted lines ef, fg, and kl because during such processes there is no 
abrupt change in any property of the substance to indicate when the 
critical isotherm is crossed. Any process, such as a constant volume 
one, crossing the critical isotherm at the critical state cz would give 
evidence of that fact because it would also then be crossing the real 
boundary made by the saturation curves. Similarly, if the processes 
fh and kl are continued far enough, the pressure will finally become 
sufficiently low to cross the saturated vapor line, and, if the substance 
be in a glass tube, experimental evidence of the change of phase would 
then appear because the material would then cease to be homogeneous 
and drops of liquid could be seen separated from the vapor. 
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On the other hand, any constant pressure process, such as fg, above 
the critical pressure, would give no evidence when the so-called liquid 
field is entered, because the material would at all times be homogeneous. 
Similarly, a line might be drawn through f representing an isothermal 
compression above the critical temperature, and even though carried 
to extremely high pressure, such as were used by Bridgman, there 
will be no discontinuity unless, or until, a solid phase appears. 

(f) The region just above the critical state is of great importance 
when dealing with certain substances, such as COs, in refrigeration, and 
it may sometimes become desirable to use steam in power plants at 
pressures greater than its critical value, for example as has been done 
in an experimental way by Benson. !” 

It is apparent that the usual definition of a superheated vapor as 
given in Sect. 173 (1) is not broad enough to apply to pressures greater 
than the critical. Furthermore the term, degree of superheat, ceases 
to have any significance above the critical pressure. Hence a super- 
heated vapor may be defined in its broadest sense as a vapor in the 
region intermediate between the gas and its adjoining fields. Regardless 
of the name given to the substance in this region, the main point to 
remember is that it is a vapor and must be treated as such. The proper- 
ties of some working substances have been well determined for this 
field, while for others considerable work remains to be done. The 
following table gives the approximate values of the critical pressures 
and temperatures of a number of substances of special interest tc 
engineers: 


TABLE X 
CriticaAL TEMPERATURES AND PRESSURES 

Critical Critical 

Substance Temperature, Pressure 

Deg. Fahr. Lb. per 

Sq. In. Abs. 

ATI reNR rears MAR ec ta vate — 220 547 
ANTIMONY oso 5 coeds 271 1657 
Carbon Dioxide....... 88 1070 
Ether (C4H00) Oto t oO 381 522 
Helmets ceri —450 33 
JEAYCINO Ae oo odacsdous —400 188 
Nitrogen are tre cee sicle —233 492 
OXvo Chics atin. heer —182 730 
Sulphur Dioxide....... 311 1160 
Winterionns ossireespr tera: 706 3226 


12 See Power, May 22 and 29, 1923. 
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184. Van der Waals’s Equation.!3—(a) From the preceding section 
it is obvious that any gas, except possibly those at excessively high 
pressures, is really only a very attenuated liquid, differing in its prop- 
erties from the liquid because its molecules are much farther apart, 
and possibly of simpler structure. If this be true, it ought to be pos- 
sible to express by one equation the relation between pressure, volume 
and temperature of a material in either the liquid or the gaseous form. 
Several attempts have been made to do this, and one in particular 
is of great interest. It is due to Van der Waals and was developed in 
1873 by modifying Boyle’s law to take account of the two following 
assumptions: 


(1) The space filled by a gas is partly occupied by the molecules 
of that gas, and it is only in case the molecules are 
infinitely small relatively to the space they traverse in 
their vibratory movements that the gas obeys Boyle’s 
law. The space available for such movements is the 
volume within the container minus that Ss by the 
molecules themselves. 

(2) In no real gas are the molecules far erie apart to be 
absolutely independent of one another; certain inter- 
molecular forces still exist. These forces make the gas 
behave as though subjected to a pressure greater than the 
real external pressure. 


The equation for one pound material is as follows: 
(P+ BYP <u) RT ee. ee Olle 


in which a and b are constants, differing with the kind of gas. The 
constant b is often called the “‘ co-volume ”’ since it represents the reduc- 
tion in specific volume due to the molecules. Since the constant a is to 
compensate for the intermolecular forces, it seems reasonable to make it 
proportional to the square of the density, or 1/V?. 

(b) This equation can be rearranged to read 


= ip RUT a 
pe _ (er Le ») ac Ve = o= Os ge a 2h) 


a cubic equation in terms of the specific volume V. Then for a given 
temperature and pressure there may be three values of V which satisfy 
the equation. There must be three if proper account is taken of multiple 
and imaginary roots. 


13 Sections 184 and 185 may be omitted in short courses. 
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If the curves obtained by substituting in the equation are drawn 
for constant temperatures, they resemble the lines acdz, etc., in Fig. 144, 
except that the horizontal lines cd, etc., are replaced by the dotted curves 
as shown. If the equation is really true, the process of vaporization 
must be more complicated than at first appears. The fact that the 
phenomena corresponding to certain parts of the dotted curve from c 
downward and from d upward can be realized experimentally gives 
evidence in support of this law. Under special conditions a liquid 
may have its pressure reduced slightly below the saturation pressure 
corresponding to its temperature, and similarly, a vapor may be com- 
pressed, without condensation, to a pressure somewhat above the 
saturation pressures corresponding to its temperature. The condition 
of the material thus carried into the dotted position of the curve is, 
however, very unstable, and the substance suddenly assumes the 
condition shown by the horizontal line if disturbed, as discussed in 
Sect. 182. 

(c) The critical state may now be said to be the one at which all 
three roots of the equation coincide, i.e., at which the equation has a 
triple root. 

(d) The equation of Van der Waals, though better than that of 
Boyle, does not fully express the truth. If it did it would hold for 
material in the solid as well as in the liquid state. It really recognizes 
no such condition as solid. If it did, its graph, continued far enough 
back in the direction zdca, should, for all ordinary pressures, at least, 
show another jog similar to, but shorter than, dc, representing the 
constant-pressure, constant-temperature change from liquid to solid. 
This it does not do, and hence it is imperfect. 

(e) The phenomenon of zero volume at absolute zero temperature 
to comply with Charles’s Law of a gas cooled at constant volume can now 
be explained. According to the simplest kinetic theory of gases, the 
temperature is supposed to be a measure of the translational energy 
of the molecules, and the pressure is the result of the bombardment of 
the containing walls by the rapidly moving molecules. 

Assuming, with Van der Waals, that the volume to which the ideal 
laws refer is not the total space occupied by the gas, but equals the 
latter corrected for the volume of the molecules present, the limiting 
case of the ideal laws is easily explained. When absolute zero of tem- 
perature is reached the molecules of a gas must be assumed to be 
devoid of translational motion and in such positions that the volume 
referred to above has become zero. Then as the molecules at rest 
could not bombard surrounding surfaces the pressure would also be 
zero. 
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185. The Clapeyron Equation.—(a) In preparing a Vapor Table 
for any substance it is necessary to obtain as accurately as possible a 
large number of values for each of the properties included. The 
numerical magnitudes of many of these properties may be obtained 
by careful experiment, but, for use in verifying these, for computing the 
values of other properties, and for other purposes, it is essential also 
to know what relations exist between certain of them. One important 
relation, first developed by Clapeyron, is that between the latent 
heat, 7, the increase in volume during vaporization at constant pressure, 
u, and the rate at which the saturation pressure varies with its tempera- 
ture, (dP/dT),.,, Clapeyron’s relation may be stated thus: 


dP 
r= AT(T) wu eee We ey Aly eee Can 


(b) This equation may be derived in the following manner: In 
Sect. 119 (e) it was shown that for any substance the Carnot cycle is 


(a) : 
Fig. 145. 


bounded by isentropic and isothermal lines, and is therefore represented 
by a rectangle on the temperature-entropy diagram. In Figs. 145(a) 
and (b) consider the small Carnot cycle abcd, in which the line ab repre- 
sents the isothermal addition of a quantity of heat that is just sufficient 
to cause complete vaporization at the constant pressure P, and the 
corresponding temperature 7;. The adiabatic expansion from 6b 
to c is taken as that which will cause a small temperature drop 
6T = T, — T2, as shown in Fig. 145(b) The isothermal and adiabatic 
compressions needed to complete the cycle are shown by cd and da 
respectively in both diagrams. - 

In this figure w = V, — Va, aud for a very small drop in pressure 
6P, the area abcd on the PV-diagram becomes very nearly equal to 
dP-u ft-lb. On the 7’$-diagram the area abcd is exactly equal to 
(5T)(Adas) = (57) (r/T) B.t.u. Each of these areas expresses the net 
work of this small Carnot cycle. As the drop in temperature, 657’, 


as * 


a? 
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and the corresponding drop in pressure, 5P, become smaller and smaller, 
the closer does the value of 5P-u express the net work of the cycle in 
ft-lb., or ASP - win B.t.u. Therefore, in the limit, with 6P becoming 


F , ; LO Sines ny KLAN ce 

indefinitely small, it follows that AdP-u = dT;,; hence, u = ( 7 5) ap 

or 7 = AT(Sp) u, aS given in Eq. (212). This equation shows the 
sat. 


exact relation that must exist between the latent heat, r, and the 
increase in volume, u, during vaporization at the constant absolute 


sat. 


temperature 7’, provided the derivative (=) for the saturated vapor 


or liquid is known. 

(c) Since the pressure-temperature measurements of a saturated 
liquid or vapor are the two easiest properties to determine experiment- 
ally it follows that the relation between 
these two variables may be shown 
graphically, as in Fig. 146, from which 


(=) may be found, or it may be ex- 


pressed analytically, as by Eq. (213) in 
Section 187 for steam, thus enabling 


the derivative ( us to be obtained. 


7) 
Ni sat. 
After the derivative has been determined 


Clapeyron’s relation becomes of the 


Pressure - Lb. per Sq. In. Abs, 


greatest assistance in checking the lichen ea pe Seale Me 
values of r and u, or in determining Piau 146. 


\ one if the other be known. 


—— 


186. Comparison of Different Vapors.—(a) The vapors formed from 
water, ammonia, carbon dioxide, and sulphur dioxide are in frequent 
engineering use. Steam is, however, much the more common because 
it is used very extensively in many kinds of power plants, and also for 
heating purposes, both domestic and industrial. 

(b) The pressure-volume diagrams to show the ‘“ vapor domes ”’ 
of steam, ammonia, sulphur dioxide and carbon dioxide have been 
drawn to scale in Fig. 147(a) and (b). The corresponding temperature 
entropy diagrams of these substances are shown in Fig. 148. Some 
of the values near the critical state are rather uncertain at the present 
time, hence the corresponding parts of these curves are drawn with 
dotted lines in this region. 

(c) Aside from the wide variation in the critical pressures and 
temperatures the most striking feature is the magnitude of the latent 


‘ 
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heat of steam as compared with the others, especially COz and SOs, 
all taken at some common temperature. For example, at an absolute 
temperature of 500 deg. fahr., the latent heats of the four vapors are 
shown in Fig. 148 by the respective areas of the rectangles having the 
common height of 7 = 500 and the various widths shown by the four 
corresponding entropies of vaporization at this temperature. 

(d) It should be noted that in Fig. 148 the zero of entropy for 
ammonia was chosen as saturated liquid at a temperature of —40 deg. 
fahr., or 7’ = 420, whereas for the other three substances the zero 
was taken as the saturated liquid at 32 deg. fahr., or T = 492. Had 
the values for ammonia been plotted with the same zero of entropy 


3500 3500 


Absolute Pressure, Lbs, per Sq, In. 


0 i) 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5,0 
Specific Volume, Cu, Ft, per Lb, 
Fig. 147, 


as the others, the shape of its saturation curves would remain just the 
same, but they would be shifted to the left about 0.2 unit of entropy. 

(e) In Table XI are given values from which the curves of Figs. 147 
and 148 were plotted. The latent heat (7) and the entropy of vapor- 
ization (¢,) may be found directly from this table by remembering 
that r= hea — hi, and that ¢. = ds — ¢:. Since, by definition, 
u = Vea — Vi, it is apparent that these short tables will enable 
all of the properties of vapors having a known quality less than 
unity to be calculated for the given pressures. 

In the Appendix will be found somewhat more complete tables 
of the properties of steam and ammonia. 


187. The Properties of Steam.!4—(a) Since steam is the most impor- 
tant working substance used, this section will be devoted to a very brief 
14Tn short courses Sect. 187 (a), (b), (c), (d) and (e) may be omitted. 
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discussion of steam formulas and the numerical values of its properties. 
However, the beginner should realize that it is extremely difficult 
to obtain accurate data by direct measurement of even such prop- 
erties as pressure and volume over a wide range. Pressure and tem- 
perature may be measured more easily. In all cases it is desirable 
to determine the correct thermodynamic relationship existing between 
certain properties and then by means of all available and reliable 
experimental data, formulate an equation that agrees with the most 
trustworthy and at the same time is consistent with the thermodynamic 
relations. Some such formulas are very long and include many terms 
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in order to cover a wide range of pressures and temperatures. Other 
formulas are much shorter and may be very reliable over a much 
smaller range of pressure and temperature. For an excellent discussion 
of the various steam formulas, see the article by Professor Heck in A. 
S. M. E. Transactions, 1920, p. 711. 

(b) The steam formulas, as developed by the several authors of 
steam tables, such as Callendar, Goodenough, Heck, Knoblauch, Marks, 
and Davis, and Stodola, yield values of the heat content and entropy 
that are not in close agreement at the higher pressures, but it will be 
found later that the most important dzfferences in these quantities 
between two given states, as usually required in engineering calculations, 
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TABLE XI 


PROPERTIES OF SATURATED LIQuIDS AND VAPORS 


Volume Heat Content Entropy 
Temp. | Absolute 
i Ub oer Liquid | Vapor | Liquid | Vapor | Liquid | Vapor 
eqn Cu Ful Cunbt. | Baie Bota, Per Per 
per Lb.| per Lb. | per Lb.} per Lb.| Lb. Lb. 
Varios Viears lines Nsat- lig: Psat- 
t Dp or or or or or or 
Var Va hy ha $1 ba 
Steam * 32 0.0887|0.01602/3301 0.00) 1073.4) 0.0000|2.1834 
100 0.9487/0.01613} 350.8 67.93) 1104.2) 0.1295)1.98T3 
200 11.525 |0.01663) 33.67 | 167.94) 1145.6) 0.2938)1.7760 
212 14.696 |0.01670} 26.82 180.0 | 1150.2} 0.3119)1.7564 
300 67.01 |0.01742| 6.464 | 269.48) 1179.1] 0.4370)1.6345 
400 247.25 |0.01865| 1.8608) 374.96} 1200.4) 0.5668/1.5270 
500 681.09 |0.0205 0.6721) 489.1 | 1200.2} 0.6904/1.4314 
600 1544.6 0.0241 0.2642) 623.2 | 1165.5) 0.8198]1.3316 
§ | 706.1 |3226.0 |0.0522 0.0522) 925.0 | 925.0} 1.0785/1.0785 
Ammoniaft | —40 10.41 |0.02322) 24.86 0.00) 597.6) 0.000 |1.4242 
0 30.42 |0.02419} 9.116 | 42.92) 611.8) 0.0975/1.3352 
25 53.73 |0.02488 5.334 70.2 619.1) 0.1551}1.2879 
50 89.19 |0.02564) 3.294 | 97.93) 625.2) 0.2105/1.2453 
75 140.5 0.02650 2.125 | 126.25) 629.9} 0.2643/1.2065 
100 211.9 0.02747 1.419 | 155.21} 633.0) 0.3166)1.1705 
125 307.8 0.02860 0.973 | 185.1 634.0} 0.3679/1.1358 
IAS) 593.5 AOU coe nonsd (248) 
250 1347 OOP lhe ls Ohio g nc (365) 
§§ | 271.4 |1657 OROG S60) Rae are (433) 
Carbon 0 309 0.016 0.292 |—14.0 103.0) —0.032 |0.223 
Dioxidet| 32 505 0.018 0.167 1.68} 101 0.000 |0.202 
50 650 0.019 0.120 iil 97.9} 0.019 |0.189 
18 906 0.022 0.071 30,0 88.1} 0.054 |0.162 
§$ | 88.4 |1070 0.085 0.0355) 638.0 63.0) 0) 112) 05112 
Sulphur —25 Hil O. Oia! 13.89 |—17.2 148 .7)—0.037 |0.342 
Dioxidet| 0 OR ee OnOUT 7.07 |— 9.9 152.0) —0.020 |0.332 
25 19.3 |0.011 3.94 |— 2.3 156.0)—0.005 |0.322 
32 22.6 {0.011 3.40 0.05} 157.0} 0.000 |0.319 
50 338.0° JO, O11 2.34 5.8 159.5) 0.012 |0.313 
75 54.1  |0.011 1.47 14.4 162.2} 0.028 |0.304 
100 84.6 {0.011 0.97 23.1 163.9) 0.044 |0.295 
SS | Sill 1160 0.011 
| 


* Abstracted from Keenan’s Steam Tables, 1930, by permission from the publishers, The 
American Society of Mechanical Engineers. 

+ Obtained from Circular No. 142, U. 8. Bureau of Standards. * 

t Obtained from the Report of the Refrigeration Research Committee of the Institution of 
Mechanical Engineers given in their Oct., 1914 Proceedings, p. 645. 

§ Critical Values. 
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will agree quite closely regardless of what steam table is used. It is 
due to the fact that certain differences in heat content are so important 
to engineers, that the several steam tables give these values to a larger 
number of digits than would be justifiable at the present time, if only 
absolute quantities were involved instead of differences. 

A discussion of the research carried on in this country to obtain 
more accurate information concerning steam at high pressures will be 
found in the several progress reports made to the A. 8. M. E. Steam 
Table Research Fund Committee.!® 

(c) The pressure temperature relation of saturated steam over a 
wide range is now known with extreme accuracy. The experimental 
work of Regnault in 1847 gave very accurate results up to 363 deg. fahr., 
the maximum temperature used by him. Since that time the work of 
many investigators has established the relationship for pressures up to 
about 2000 lb. per square inch. The remarkable agreement of the 
values of Holborn and Baumann with the ones of Keyes and Smith is 
shown in a short table given in “ Mechanical Engineering” for Feb., 
1926, p. 155. 

The equation of Goodenough gives results that are in very close 
agreement with those obtained by Keyes and Smith. His equation is as 
foliows: 


Log p = A ~~ Clog 1 — DT + ET? — a, se C213) 
where A = 10.5688080 log D= 3.6088020 
log B = 3.6881209 log E = 6.1463000 
C= 0,0155 T = t+ 459.6 


and 


t — 370\? t — 370\4 
= 0.0002| 10 = 10( 100 ) + (a) | 


The numerical values corresponding to this equation may be read 
from Fig. 149. 

It should be noted how very rapidly the pressure increases with each 
degree rise in temperature at the higher values. This fact is shown in 
Fig. 149, but the graphical representation of it, as in Fig. 146, shows 
very closely how the ratio 5p/ét varies. 


15 Mechanical Engineering, March, 1923, p. 165; Feb., 1924, p. 81; Nov., 1924, 
p. 808; March, 1925, p. 174; Feb., 1925, p. 103; Feb., 1926, pp. 144-160. 
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(d) The heat content of saturated and superheated steam cannot be 
accurately expressed in terms of pressure and temperature except by 
equations that are somewhat complex. It is difficult at the present 
time to say whose equation is the most reliable one throughout the 


Temperature-Deg. Fahr. (t) 


32 40 50 60 70 80 90 100 110 120 
0,2" 0,3” 0.4" 056" 0,6" 0.77 0.8" 1.0% 1,2" 1.4" 1.6" 1:80-2:00 3,0" 4.0" 
Pressure-In. Hg, Abs, 
32 40 50 60 70 = (t)_-80 90 100 110 120 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.5 
Pressure-Lb, per Sq. In. Abs. (p) 
120 130 140 150 160 (4) 170 180 190 200 210 
bah pie nee ptt page ! 
2 8 4 5 (p) §& q 8 Qi 10 meliuee 2 13a 
210 220 230 240 250 (4) 260 270 280 290 300 
15 16 18.20 5 30 (p) 35 40 45 60 5 O60CHSC«C7Od 
300 310 320 330 340 (¢) 350 360 370 380 390 
70 80 90 100 110-120 oO 140 150 160 180 200 
390 400 410 420 430 (t) 440 450 460 470 480 
220 240 260 280 300 350 (p) 400 450 500 550 
480 490 500 510 520 (¢) 530 540 550 560 570 
600 650 700 \:750 = 800 (p) ~—900 1000 1100 1200 
Fig. 149. 


entire range from 32 deg. fahr. to the critical temperature. However, 
amongst the most reliable ones is Goodenough’s which is as follows: 


h = of + 367? — % — FP + 2ap%) + 0.1852p71 + ho. . (214) 


T 
in which a = 0.320 a = 0.0171 
B =0.000126 log H = 10.79155 
y = 23583 ho = 948.54 


In Fig. 150 may be seen the graphical representation of Goodenough’s 
equation, with pressure and heat content as coordinates. It is apparent 
from the small insert (a) that the uniform scale of pressures, extend- 
ing over a wide range, is not satisfactory, hence, a logarithmic scale 
has been used for the ordinates in the main figure. The maximum 
value of the heat content of saturated steam is seen to be at a pressure 
much below the critical. This figure is not intended to be used for 
the solution of numerical problems, but to show approximately how 
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the heat content varies over a wide range of pressures, temperatures, 
and qualities. 

(e) The speczfic volume of steam, saturated or superheated, may be 
obtained from the table given by Mr. J. H. Keenan in the Progress 
Report on the Development of Steam Charts and Tables 1° from the 


4 


< 


Pressure-Lb, per Sq. In, Absolute 


Heat Content-B.t.u. per Lb. 
Fic. 150.—The Relation between Pressure and Heat Content of Steam. 


Harvard Throttling Experiments, in ‘‘ Mechanical Engineering ”’ for 
Feb., 1926, or from Goodenough’s equation which is as follows: 


oe Tige S (1+ 30pm, 2... (215) 
where 
log B = 1.77448 
log m = 10.82500 
log 3a = 2.710000 


(f) The specific heats of a superheated vapor are extremely variable 
when considered over a wide range of pressure and temperature. For 
steam the mean values of the constant pressure specific heat, ¢,, are 
given in Fig. 151, from which it is apparent that for a small degree of 
superheat and a high pressure the values of c, become very large relative 
to their corresponding values at low pressures. 


16 See the Appendix for an abbreviated form of this table. 
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It should be noted that each of the mean values in Fig. 151 is given 
for a constant pressure process from the saturation curve to the par- 
ticular degree of superheat or temperature under consideration. This 
is done because a chart of this kind is most useful in finding the heat 
of swperheating, T,D., or the entropy of superheating [see Eq. (201)], for 
some given state a in the superheated region. 

The corresponding instantaneous specific heats, c,, for superheated 
steam are given in Fig. 152. 


11 
> 
) 
One 
1.0 ZI Rep 
5 So, The values of the Mean Specific Heats 
Ly Ly used in this chart were computed from 
4 bs data given in the ‘Progress Report on 
Op : > the Development of Steam Charts and 
0.9 Tables from the Harvard Throttling 
So) Experiments’’, reported by J. H. Keenan 
aA in ‘‘Mechanical Engineering’’ Feb, 1926 
I* £0 
~— 
& 0.8 
© >? 0p & 
z No) | 
S £05] M3 2 
8 G: CS 2 
‘ SS = wi < ee 
0.7 4p eT ® 
e ~ ey < 
é “S| 800 
~<50 
0.6 = lee 
— 150 Sa —- > 
100 = -— 
— oe — 
i 50 
0.5 — — — — 
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1 — — — —- — 
0.4 
0 60 100 150 200 250 300 350 400 450 


Degrees of Superheat (D) 


Fia. 151.—Values of Mean Specific Heats of Superheated Steam. 


The values of the specific heat at constant volume, c,, are not needed 
for most engineering work and consequently they are not given here. 

(g) The znstantaneous specific heat of water under constant pressure 
is far from constant, as may be seen from Fig. 153. However, for low 
temperatures, that is, below 200 deg. fahr., its value may be considered as 
unity for all work in which great accuracy is not essential. The method 
of obtaining the mean value of the specific heat between two different 
temperatures from curves such as those given in Figs. 152 and 153 is 
indicated in Fig. 33, p. 82. 
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188. Summary of Important Relations.—(a) In the next chapter 
a number of thermodynamic processes that are frequently used will 
be studied, and it is essential that the properties of vapors shall be 


1,0 


Instantaneous 
Specific Heats of 
Superheated Steam 


0.6 


0.5 


Instantaneous Specific Heat Cp 
oO 
=] 


i 100 200 300 400 500 600 700 


Temperature, t,+D,—Deg. Fahr, 


Fig. 152.—Values of the Instantaneous Specific Heat cp, of Superheated Steam. 


well understood before beginning this work. A brief summary of the 
most important relations just developed are therefore appended, it 


4.06 2.60 
Instantaneous Specific Heats 
1.05 2.40 
of Water at Constant Pressure 
a Calculated from the Steam 
© 1.04 Tables of J.H.Keenan, 1930. oat 
3 
8 1.03 2.00 
i$ 
> 1.02 1.80 
dF 
a 
4 1.01 1.60 
2 
mM 100 1.40 
0:93). 1.20 
0.98 ge 


0 100 200 300 400 500 600 700 
Temperature, Deg. Fahr. 


Fic. 153.—Instantaneous or Progressive Values of Specific Heat cy, of Water. 


being assumed that Table XI, or a much more comprehensive one, is 
available. 
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(b) The Definitions give the following equations: 

r = ha— hi = heat — by, 

u= Va = Vi or Vig aa Va 

x = (wt. of dry vapor)/(wt. of mixture), 

p=r—APu, 

bd, = 7/T, = ba — $1 = deat — Or 

(c) For a Saturated Liquid specified by its pressure or temperature, 
the values of h), Vi, and ¢; are found directly from the tables. Then, 


t1= hi — APV;. 


(d) For a Non-Saturated Liquid, or one having a pressure higher 
than the saturation value corresponding to its temperature, the approxi- 
mate value of the heat content may be found by using Eq. (205). 

(e) For a Mixture in state a, specified by pa and 2,, 


ha= hi-P Zar 

la = ha — APsVa = 11 + Zap, 
Va= Vit oats, 

ga = $1 + Ladv. 


(f) For a Superheated Vapor in state e, specified by ¢. and pe, which 
is less than the critical pressure, the values of, h., V., and ¢. may be 
found directly from the Superheat Tables. Also 


Ds =i,—t= lsup ce lsat, 
h. = ha + ra) 0, ca, Neat ae rl Oe 
te — h. = AP.V- = Wan —_ AV oe 


and, very closely, 


= Lc = fi 

ge = oa + Cy log. T, == P sat oe Cp log. qT..." 

(g) For a superheated vapor, having a pressure higher than the 

critical, the properties may be found directly from the superheat tables 
carried to pressures beyond that value. 


CHAPTER XVI 
THERMODYNAMIC PROCESSES OF VAPORS 


189. Introductory.—Just as in the case of gases, the study of 
thermodynamic processes of vapors naturally follows immediately 
after the mastery of their six characteristics, P, V, T, ’, H and I, whose 
relations have been discussed in the preceding chapter for all possible 
states of the substances. The various processes that will now be con- 
sidered involve only the application of the Energy Equations, as given 
in Chap. IV, to the many processes that are needed by the engineer 
who is dealing with vapors. The several cases will first be solved 
analytically, assuming the vapor tables to be available, as that is the 
best method to be followed by the beginner who intends to acquire a 
thorough understanding of the subject. Then, at the end of the 
chapter, there will be given a discussion of several forms of vapor charts 
that will enable numerical results to be obtained much more rapidly 
than is possible by the first method.1 

190. The Isobaric, or Constant Pressure, Process.—(a) In Sects. 
173 to 179 the constant pressure process of vapors is discussed to a consid- 
able extent, hence the treatment of it in this section will be very brief. 
Consider w pounds of some known substance to have heat added to it 
in such a manner ” that the pressure remains constant, at the assigned 
value P, until its volume has increased from one specified value to 
another, or until its temperature has increased from some given initial 
value to another. In order to show all of the cases of the isobaric 
process that may need to be studied, consider the one shown by 123 45, 
in Fig. 154. It is apparent that / represents a nonsaturated liquid, 2 a 
saturated liquid, 3 a wet vapor or mixture, 4 a saturated vapor, and 
§ a superheated vapor, and that 


Py = Ps =-P3 = Py = Ps =P = const. 


(b) Since the pressure is constant it follows that the work done by 
the given weight of substance in expanding at constant pressure from 
any one of these states to another is equal to the product of the pressure 


17In short courses it may be advisable to use the charts for most of the numer- 
ical work in Chap. XVI. 
2 See Sect. 173 for a suitable apparatus. 
289 


290 THERMODYNAMIC PROCESSES OF VAPORS 


and the increase in volume. ‘Thus, in general, if a and b represent the 
initial and final states respectively, then 


Wka = P(Ve — Va) = wP(V,—V.). . . . (16) 
For example, in Fig. 154, 
Whi, 5 = P(Vs — Vi) = wP(Vs — V1) 


= area 1 5 k l, to scale, 
and 


Who, 3 = P(Vs — V2) = wP(V3 — V2) 


area 2 3 k'l’, to scale. 


| 

| 

| | 

ilk k' kV n 
(a) (0) 


Fic. 154.—Constant Pressure Process. 


The problem thus resolves itself into one of merely finding the initial 
and final specific volumes. 

V2 and V4 may be obtained directly from the Sen liquid and 
saturated vapor tables, or from charts, for the given pressure or 
for the corresponding saturation temperature. 

Vs is found from the superheated vapor table, or chart, for the given 
pressure and temperature, ts, or the degree of superheat, Ds. 

V3 = V2 + a3u = Vi + x3u, it being assumed that 2x3 is known. 

Vi = V, very closely, since an isotherm for a liquid is almost a con- 
stand-volume line, as is indicated by Jc in Fig. 154 (a). In other words, 
for nearly all engineering applications the specific volume of the non- 
saturated liquid, under all ordinary pressures such as are used in refrig- 
eration or in power plants, may be taken as equal to the specific volume 
of the saturated liquid having the same temperature, 1.e., if f, = t,, then 
V1 = V., whose value may be found in the saturated liquid table for 
the given temperature (1. 
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(c) Since the pressure is constant the heat absorbed by the substance 
during any part of the process is equal to the gain in the heat content 
between the initial and final states under consideration. Hence, in 
general, 


One] he oH Soe i). ee 


For example, in Fig. 154, 
Q1,5 = Hs — Hi = w(hs — hi) 


= areal 245 mn, to scale, 


or, as another illustration, 
Qo,3 = H3 — Hz = wlh3 — he) 
= area 23 mn’, to scale. 


Thus, to obtain the heat absorbed during an isobaric process, the initial 
and final values of the heat content are the only quantities to be found. 

The values of hz, h4 and hs may be determined directly from the 
vapor tables, or charts, it being assumed that either ts or Ds is known; 
hz = ho + xar, or it may be found directly from the chart; and, from 
Eq. (205), hi = he + A(Pi — P.)V< very nearly. 


191. The Isometric, or Constant Volume, Process.—(a) If a given 
weight of a substance be enclosed in any kind of a vessel that does not 
change its volume as heat is supplied to it, or abstracted from it, the 
substance must undergo a constant volume process. A steam boiler 
with all valves closed, as it is when first getting up steam, and a cask of 
ammonia with the sun shining on it are examples of the formation of 
vapor at constant volume. In both of these cases there is the possi- 
bility of the pressure rising to a dangerously high value with the appli- 
cation of relatively only a small amount of heat. 

(b) Suppose a known weight of a mixture of a vapor and its liquid, 
having a given pressure p; and a quality 21, is heated at constant 
volume until some assigned pressure such as p2 or p4 is obtained. It is 
desired to find the heat absorbed by the mixture during such a process, 
and to show the area representing it. Since the initial state / is specified 
by its pressure and quality, it can be located on both the PV- and T¢- 
diagrams, as shown in Fig. 155. Then a vertical line drawn through 1 
on the PV-diagram must represent the constant volume process. This 
line will cross the saturated vapor curve at some pressure, say 7s, 
whose value may be found from the saturated vapor table, or charts, 


to correspond with the specific volume V3, which must first be deter- 
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mined. This volume is readily found as follows: Since V3 = Vi, and 
since w3 = wi, it being assumed that there is no leakage, then 


V3=Vi=V,,t+21u1.. : € * er (218) 

The subscripts attached to 1 and wu in this equation simply show that 

these values are obtained from the table for the given pressure p1. 

Similarly, for the point 2 in the region of mixtures, since V2 = Vi, 
Vn + X2U2 = ee o> Tid 


Consequently, 


Lz = Ves Vig </ on  S) 


U2 


\ 
| 
| 
! 
| 
| 
| 
| 
| 
| 
\ 

n 


(0) 


Fig. 155.—Constant Volume Process. 


By using Eq. (219) the qualities corresponding to the state of the mix- 
ture having the constant volume V; and any pressure less than p3 may 
be obtained. 

For any pressure higher than ps3, say pa, the state must lie in the 
region of superheat. With p4 given, and with V4 = Vi, the state 4 is 
completely specified, and the corresponding values of ts, Da, ha, 64 and 
t4 may be obtained by the aid of the vapor tables or charts. Con- 
versely, if, the pressure p4 is not given, but is to be determined, it is 
essential that besides V4 the value of an additional characteristic shall 
be given for this state. 

(c) By choosing as many pressures between pi and ps as desired, it 
becomes possible to compute the qualities of any number of states in the 
wet region, such as state 2, that lie on the constant volume line through 
1. As soon as these qualities are determined the curve may be plotted 
on the T¢-diagram, as shown by 1 23 in Fig. 155(b). After passing into 
the region of superheat the constant volume curve is represented by 3 4 
and may be drawn after obtaining from the superheated vapor tables, 
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or charts, the simultaneous values of temperature and entropy that 
correspond to the specific volume V4 = V1 and to the various pressures 
above p3. It should be noted that the character of the constant volume 
line on the 7T'$-diagram changes abruptly at the saturated vapor bound- 
ary line, just as does the constant pressure line. 

(d) In general, if a@ and b represent the initial and final states, 
respectively for this process, since the volume is constant it follows that 


Wik 0) ae an 2s ee 20) 


and then from the Simple Energy Equation, Eq. (9), it must be true 
that the heat absorbed by the working substance during a constant 
volume process must be equal to the gain in internal energy. Thus, in 
general, 


Qav = Ih eae ib = w(ty eat Was ry Terao tine er (221a) 
=p [iy = AP Vs he Aaa oe e221) 


For example, in Fig. 155, 
Q1,4 = 14 — Th = wlts — 11) 


area 1 234m, to scale, 


and 
Qi1,3 = 13 — I, = w(i3 — 21) = area 1 23m’ n, to scale. 


(e) Consideration of the formation of a saturated vapor, starting 
with any initial state, such as 7 in Fig. 155, shows that if the pressure 
be kept constant the final state is that shown at 5 and the corresponding 
amount of heat absorbed is represented by the rectangle 1 5 k n, but if 
the volume be kept constant the final state is 3 and the corresponding 
amount of heat absorbed is shown by the area 1 23m’ n. Note in the 
latter case that the temperature and pressure rise enormously with the 
resulting element of danger, as mentioned in (a), while in the former 
they are both constant. Most of the commercial applications of heat 
to form vapors are very close to constant pressure processes, rather 
than constant volume ones. 

192. The Reversible Adiabatic, or Isentropic, Process.—(a) As 
was discussed in Sect. 81, any substance undergoing an expansion or 
compression without any turbulence or transfer of heat to or from it 
represents a reversible adiabatic or isentropic process. For the case of 
ideal gases it was an easy matter to express for this process the functional 
relation between two characteristics, such as pressure and volume, but 
for vapors it is not possible to write a simple equation between these 
characteristics that will hold for all kinds of vapors while undergoing 
isentropic processes covering a wide range of pressures and tempera- 
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tures. On the other hand, there is no especial need for such an equation 
for vapors because the relationships are given in the tables and charts. 
Since the entropy is constant during a reversible adiabatic, and as the 
vapor tables, or charts, always include the entropies, the secondary 
state of the working substance may be determined as soon as one 
additional characteristic is specified for this state. 

(b) Consider w pounds of a superheated vapor inside a cylinder that 
is perfectly insulated thermally and that is fitted with a piston that may 
be moved in or out, thus permitting an isentropic compression or expan- 
sion of the vapor from some given pressure p; to some final pressure ps, 


) : 
Fig. 156.—Constant Entropy Process. 


or volume V2. Assume that the final pressure is known and that the 
initial state of the vapor is given by its pressure and temperature—or, in 
other words, that pi, t: and p2 are specified. It is desired to find the 
work that would be done during the isentropic expansion of this vapor 
from 1 to 2. 

In Fig. 156(b) the vertical line 7 2, represents the constant entropy 
line drawn from the initial point / until the constant pressure line pe is 
intersected at 2. The pressure-volume diagram may be drawn for the 
same process by determining the volumes attained at various pressures 
throughout the expansion. The method of finding the final volume V2 
in the region of mixtures is typical in case the final state is not in the 
region of superheat, hence it will be the only one illustrated. It in- 
volves the determination of x2, which may be obtained as follows: 
Since, ; = ®2 and since w; = we, it being assumed that there is no 
leakage, then, with ¢,, representing the specific entropy of vaporization 
at pe, it follows that 

$1 = $2 = dy + L2bm. 
Hence, 
$1 — de _ $1 — Fu 


2 = 
Pro Psaty Fs Ply 


(222) 


THE REVERSIBLE ADIABATIC, OR ISENTROPIC, PROCESS 295 


The value of ¢1 is determined directly from the superheated vapor 
table, or chart, or it may be computed from Eq. (201) and the saturated 
vapor table; and the other entropies may be obtained from the satu- 
rated vapor table for the pressure p2. As soon as 22 is found, the 
value of Vz may be readily determined from Eq. (206), i.e., 


Vo = wa(Vi + x2u2). 


In case the initial quality is less than unity, then $1 = x1¢., + $x, 
and with this value of ¢1 substituted in Eq. (222) the final quality may 
be found. 

As will be seen later, when a vapor chart is used the quality z2 may 
be read directly from it at the intersection of the constant entropy line 
¢; and the constant pressure line pz. If the constant volume lines are 


on the same chart the specific volume Vz may also be read directly. 

If, instead of knowing the final pressure pe, the final volume V2 (or 
the ratio 7) had been specified, the solution is not so readily made by 

1 

means of the vapor tables, because the pressure p2 is needed in order 
to obtain the proper values of ¢, and ¢... However, this pressure may 
be found by trial and is the one which will give the value of x2 that 
yields the proper result for V2 in Eq. (206). But, with vapor charts 
that give constant entropy and also constant specific volume lines, it is 


a simple matter to follow along the constant entropy line, ¢1, until the 
final specific volume line, V2 = ae is intersected and the state 2 is then 
2 


directly and completely determined. 

(c) If the process had been an isentropic compression from a given 
state 2 to some specified pressure 1, the charts would enable the state / 
to be determined as readily as was the final state in the previous case, 
regardless of the regions involved. On the other hand, with the state 1 
in the superheated region as shown, the complete analytical determina- 
tion of it by means of the relation ¢2 = ¢1 = ¢san + Cp loge (F- “) 

saty 
involves the use of the mean specific heat ¢, for an unknown tem- 
perature range; hence it would be necessary to assume a value for this 
term and then check back after t; had been determined, thus involving 
a certain amount of “ cut and try ” procedure. 

(d) If the isentropic expansion had started with a saturated liquid 
the process would be that shown by the line 3 4 in Fig. 156, the same 
initial and final pressures as before being used. For this case it is 
apparent that 


pa a o3 = Pig) 


296 THERMODYNAMIC PROCESSES OF VAPORS 


and consequently 


$1, — Oy _ $15 — bY 
Pos Psaty — diy 


(e) The work done by any working substance during a reversible 
adiabatic expansion must be equal to the loss of internal energy of the 
substance, as was shown in Sect. 82(c). Hence, in general, in Fig. 156, 


Whi, 2 = lh — Ie = w(t — 72) che Ge oc (224) 


area 1 2 kl, to scale, 


(223) 


v4 = 


and, similarly, 
Wks, 4 = I3 — Ia = wiz — 14) 


area 3 4k’ I, to scale. 


I 


The value of the specific internal energy is given by Eqs. (203) 
and (210), thus : 
14 = hy = AP1Vi, 12 = he — AP2V=:, etc. 


(f) It should be noted from Fig. 156 that during the adiabatic 
expansion / 2 the quality decreased, while for the similar process 3 4 
it increased from zero to x4. For most vapors the two saturation curves 


Temperature 
Temperature 
Temperature 
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| % Quality | % Quality % Quality 
Entropy Entropy Entropy 
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Fig. 157, 
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here shown are fairly typical and hence the isentropic expansion may 
usually be expected to produce respectively either an increase or 
decrease in quality, depending upon whether the initial state of the 
vapor is near the saturated liquid line or close to the saturated vapor 
curve, as shown for steam and ammonia in Figs. 157(a) and (6). How- 
ever, for ether and certain other fluids, as the pressures are increased, 
the entropy of the saturated liquid increases more than enough to com- 
pensate for the decrease in the entropy of vaporization, as is shown in 
Fig. 157(c), and consequently the entropy of saturated vapor increases 
with the pressure. Hence for this material the quality would always 
increase during any isentropic expansion. 
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193. The Isothermal, or Constant Temperature, Process.—(a) For 
the region of mixtures the isotherm has already been covered by the 
discussion of the isobaric process (Sect. 199) because these processes are 
identical in this field. However, outside of this region they are very 
different. For ideal gases the relation between pressure and volume 
during an isothermal process is given by the equation PV = a constant, 
but superheated vapors do not follow this law at all closely until they 
have passed far out from the saturation curve. It is generally not 
desirable to try to find an approximate equation for a superheated vapor 
that is undergoing an isothermal process, because the exact thermo- 
dynamic relations are easily handled by the aid of suitable super- 
heated vapor tables or charts. 

(b) Referring to Fig. 158, consider w pounds of a vapor in state 1, 
given by pi and 21, to be heated isothermally until it reaches some second- 


n 
(b) 
Fig. 158.—Constant Temperature Process, 


ary state given by the assigned lower pressure pz. On the temperature- 
entropy diagram, some horizontal line such as 17 2 must represent the 
process, but the location of point 2 must be determined. Since po is 
given, the corresponding constant pressure curve may be drawn on this 
set of coordinates, and where it intersects the isotherm through / 
is the desired point, it being known that state 2 is in the region of super- 
heat, since pe is less than p;. From Fig. 158(b) it is apparent that the 
heat added to the vapor during the isothermal expansion is 


Qi, 2 = the area 1 2 m n, to scale, 
= T)\(@2 — #1) = Tiw(¢2 — ¢1). . . (225a) 


The value of ¢1 for the given p; and x may be found by the aid of tables 
or charts; and since pz and tz are known, ¢2 may also be similarly 
determined; and consequently Qi, 2 may be found. 
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By the Simple Energy Equation, Eq. (9), it then follows that the 
work done by the vapor during this process is 


Whipe = Qife= Ah, ="Qye Fit Ie. ee a aeoe) 
Tiw(¢2 — $1) + wt — 22) ar ere er 
wT (do —-01) th ARV — Ue A PoV eyez 
area 1 d 2k 1 to scale. 


I] 


The values of hz and V2 may be found from a suitable table or chart 
for the given values of pe and fz. 

If the final volume V2 is specified, instead of the final pressure, the 
solution to determine the pressure p2 by means of the superheat-tables 
involves some “ cut and try ” method, provided no charts are used. 

194. The Polytropic Process of Vapors.* (a) In Sect. 80, a poly- 
tropic process of any substance is defined as one following the law 
PY" =K, inwhichnand Kareconstants. Hence it follows that for any 
substance, in any phase, Eqs. (87) and (88) may be used to find the 
final pressure or volume if the initial value of one of these and the ratio 
of pressures or volumes are known. As soon as the final values of pres- 
sure and specific volume of a vapor have been found the final tempera- 
ture may be determined from the vapor table, or charts; but note that 
Kqs. (89) and (90) cannot be used for this purpose, unless the vapor is 
so highly superheated that the ideal gas laws are followed to a satis- 
factory degree. With both the initial and final states now completely 
specified by means of pressure, specific volume and temperature, it is a 
simple matter by means of the vapor tables or charts to determine the 
corresponding specific values of heat content, internal energy and 
entropy. 

(b) The work done by the vapor during its polytropic expansion is 
given by Eq. (93); but note that Eq. (94) is not to be used for this 
purpose. 

(c) The heat absorbed by the vapor during its polytropic expansion 
is easily determined by the Simple Energy Equation, Eq. (9), after 
finding Ts; Te and Wk, 2. 

(d) The pressure-volume and the temperature-entropy diagrams may 
be plotted as soon as sufficient values of the necessary characteristics are 
determined for the particular case under consideration. Obviously, 
the character of the polytropic curve for vapors will depend upon the 
value of n and also on the regions through which the vapor may pass. 


’ This section may be omitted in short courses. 
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195. Throttling of Liquids and Vapors.—(a) As explained in Sect. 
85, the most important cases of throttling, of which there are many, are 
those that take place under the conditions of steady flow, which are 
given fully in Sect. 43. Any throttling process is an irreversible one and 
consequently, for power purposes, it always involves a loss of available 
energy, but nevertheless, because of the simplicity of the apparatus 
required, it may be advantageous to introduce such a process with 
vapors for a variety of purposes. For example, a reducing valve is often 
introduced between a steam heating main and the radiators because the 
latter may not be strong enough to stand the pressure in the steam 
main, and also because the latent heat is greater at the lower pressure 
and therefore the condensate from the radiators will not carry away 
as much heat as it would at a higher pressure. 

In refrigeration, an expansion valve is commonly used for the pur- 
pose of throttling the liquid ammonia, carbon dioxide or other liquid 
employed, from an initial state in which the fluid is at high pressure and 
at a temperature as low as can be attained conveniently by use of cooling 
water, to a secondary state in which its pressure and temperature are 
much lower than originally. Here the low temperature is desired 
because the working substance in a refrigerating plant must become 
sufficiently reduced in temperature to be able to absorb heat from the 
things that are to be kept cool. 

In steam engines the throttling of the steam is one of the simplest 
means of reducing the power of the engine, as will be shown later. 

In research work on vapors the throttling process is one of the most 
important methods of obtaining fundamental thermodynamic relations. +4 

For determining the quality of steam the throttling calorimeter is often 
used. The discussion of this instrument and the equations for its use 
will be given in Sect. 196. 

(b) Consider any working substance that is being throttled under 
steady flow conditions from state 1, which is fully known, to some 
observed lower pressure pz. It is desired to determine the secondary 
state completely, or, in other words, to find tz, V2, hz, 72 and ¢2. For the 
first case to be considered, assume that the initial state of the fluid is as 
shown by / in Fig. 159 and that 1, 71 and p2are given. If it be assumed 
that the throttling from / to 2 takes place so quickly that there is no 
time for any appreciable transfer of heat to or from the fluid, the 
process must be an adiabatic, and consequently Eq. (120) or (121), 
page 112, is tobe used. If the velocities of the fluid at sections 1 and 2 
are such that (v2? — v17) + 50,000 is an insignificant term, then Eq. (121) 


4See The Total Heat of Saturated Steam by Dr. Harvey N. Davis, A.S.M.E., 
Trans., 1908, p. 741; also Mech. Eng., Feb., 1926, p. 144. 
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applies,—that is, Hi = He, or hi = hz. If the throttling process takes 
place through a valve or thin orifice, the transfer of heat to or from the 
fluid is certain to be very small; but if it takes place through a long 
porous plug, or if, after throttling, it passes an appreciable distance 
through a pipe line, or other chamber, before reaching the section 2 at 
which the readings are made, then this transfer of heat cannot usually 
be considered zero, but should be included in the equation. 

Assuming now that the conditions are such that h; = hg, it is 
apparent that the state 2 becomes completely specified by knowing pe 
and ho. Then, by the aid of the vapor tables, or charts, the other 


Fic. 159.—Lines of Constant Heat Content. 


characteristics at 2 may readily be found by the methods previously 
given. For example, suppose that x2 is needed. It follows that: 


hi = hg = were + hy 
ee: 


T2 


2 


x2 = 


in which all of the factors on the right of the equality sign are obtain- 
able from the table. If the vapor chart be used, all that is necessary is 
to obtain the intersection of the line of constant pressure p2 with the 
line of constant heat content hz, and then read all of the values needed. 

If the throttling process had been carried to a still lower pressure, 
say p3, the state 3 would be found in the same manner as was 2. This 
method of procedure could be repeated for as many pressures as desired 
and then a curve joining these points, such as / 2 3, would be called the 
line of constant heat content. It must be carefully noted, however, that 
in throttling from state / to state 3 the vapor did not pass through 
state 2. It is only after the turbulence produced in the throttling 
process has become extremely small that any of the measurements, 
such as those for temperature or pressure, can be made accurately. 
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The discussion of graphical representation, given in Sect. 55, should 
be carefully reviewed at this point. 

(c) If the state of the fluid before adiabatic throttling had been a 
saturated liquid, as shown by point 4 in Fig. 159, the states 5 and 6 
obviously would be found by making use of the relation h4 = hs = he. 
Then with the temperature or pressure of the saturated liquid at 4 
given, the states 5 and 6 would be completely determined as soon as 
ps and pe are known. ‘This case corresponds to the passing of a satu- 
rated liquid through an expansion valve to the cooling coils in a refrigera- 
tion plant. If the liquid is a non-saturated one upon entering the expan- 
sion valve, the solution of the problem is just the same as before except 
that the proper value of the heat content of the non-saturated liquid 
must be obtained from a suitable chart. or be calculated by means of 
Kq. (205). 

(d) If a saturated vapor, such as is represented by 7 in Fig. 159, be 
throttled adiabatically, the secondary states would be indicated by 8 
and 9 tor the same set of pressures as used for the other two cases 
showu in this figure. It is apparent from the previous discussion, 
and from the figure that during these throttling processes the specific 
volume and entropy both increase, while the temperature and _pres- 
sure decrease. If the line 7 8 9 should be carried far into the super- 
heated vapor field it will become more and more like an isotherm, 
because, as was shown in Sect. 85, if the heat content of an ideal gas 
remain constant, its temperature must also be constant. 

196. Steam Calorimeters.—(a) These instruments are used for 
determining the quality of wet steam, and since the throttling process, 
which was discussed in the preceding section, is such an important factor 
in steam calorimetry, the consideration of these devices is introduced at 
this point. The separating and throttling types of calorimeters, or a 
combination of these in one instrument, usually termed the universal 
type, are the ones most commonly used and will be the only ones treated 
here.°® 

(b) An old and simple form of the throttling calorimeter is shown in 
Fig. 160. In using it, the sample of steam, received through a “ sam- 
pling tube,” at a known pressure py, is made to expand through a small 
orifice into the chamber C in which the temperature fz and pressure pe 
of the expanded vapor are measured. This gives sufficient data for 
determining the quality x: of the original sample, provided that the 
steam is superheated at the end of the throttling process. Thus, if 

5 For a discussion of the other types see Diederichs and Andrae’s ‘‘Hxperimental 
Mechanical Engineering,” John Wiley & Sons; also see A.S.M.E. Code on Instru- 
ments and Apparatus. 
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tsar, is the saturation temperature corresponding to p2, the steam in 
the calorimeter chamber must be superheated an amount 
Dez — (te = teat.) p9- 


Then, if the conditions are such that the throttling process may be con- 
sidered one of constant heat content, it follows that 


hy =ho, or Xiti t+ hi, = Pet. + CpD2) p45 


from which the initial quality of tle sample is 


= he = hy, ~— (sat. SF CpD2), i: hy 


Y= 


ts pea eZ 
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Exhaust Steam 


Fic. 160.—Throttling Calorimeter. Fie. 161. 


Usually the calorimeter exhausts to the atmosphere, and under this 
condition ¢,, is about 0.47, as given in Fig. 151. If suitable Vapor 
Charts, such as those that will be discussed in the next section, are 
available, the quality x1 may be found directly from them as soon as 
pi, pz and tz have been determined. 

(c) On the 7T'¢-diagram in Fig. 161 the state of the steam in the 
calorimeter is represented by 2. If through this point a line of constant 
heat content is drawn and extended until the pressure p; is reached, the 
initial state point / is then determined, and the quality 2x, follows: 
Note that the dotted line /, 2 is not a representation of the irreversible 
process of throttling, but is simply the locus of points that would 
show the state of the steam in the calorimeter if its pressure were taken 
at successively higher and higher values. Obviously for the throttling 
calorimeter to be used, there must be sufficient difference in pressure 
between pi and po, and a high enough value of 21, to produce a reason- 
able degree of superheat D2 in the calorimeter. If x is very low, it 
is apparent that this form of calorimeter cannot be used. 
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(d) In such a calorimeter the sample of steam passing through the 
small orifice attains considerable velocity which is soon dissipated by 
reason of the turbulence produced within the instrument. The jet of 
steam should not impinge directly on the wall of the thermometer well, 
as it is important to measure the temperature of the steam in the 
calorimeter after the velocity energy has been reduced to a very low 
value, or, more strictly, to the same velocity as that in the pipe from 
which the sample is taken. Also, there should be no 
radiation or conduction losses which would affect the 
temperature reading. 

(e) A separating calorimeter, similar to the one 
shown in Fig. 162, may be used for determining the 
quality of steam in case the percentage of moisture is 
very high. With this type, a sample of steam is first 
led to the separating-chamber C where the moisture 
is thrown out and collected, the amount w being 
shown by the gage glass G; then the resulting dry 
steam passes into the jacket J and out through the 
small orifice O, and may be delivered to a can of To Water Can, 
water in which it is condensed and its weight W Fic. 162. 
determined. This weight may also be found by 
calibrating the flow through the orifice. Using simultaneous values of 
W and w, the quality evidently is 


From Steam Main 


Ww 


(f) When the amount of moisture present in the steam is small, the 
throttling calorimeter gives more accurate results than does the separat- 
ing one, mainly because it is less affected by radiation losses; but, as 
already seen, it is not applicable when the quality is low. Hence it is 
often desirable to have a combination or universal type of calorimeter. 
In such a device the steam may be tested in whichever part is best 
suited for the particular sample that is being analyzed. One arrange- 
ment © is given in Fig. 163, which shows a very compact form of this 
instrument that may be constructed easily. When used as a throttling 
calorimeter this design has certain advantages over the older one shown 
in Fig. 160. Its nozzle is in a shut-off cock, and therefore if it becomes 
clogged can be easily cleared by reversing the cock. The temperature 
readings are more accurate because the thermometer well is provided 
with ribs, is located in a jacketed chamber, and is not impinged upon 


6See “Steam Calorimetry,” by G. B. Upton, Sibley Journal of Engineering, 
March, 1921 
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by the incoming jet. Also the separating portion is an improvement 
over the form shown in Fig. 162 because the chamber, gage glass and 
blow-off cock sustain only steam that has been throttled to a low 
pressure, instead of being subjected to the pressure of the original 
sample, and because the radiation correction is less and better separation 

of moisture occurs. Furthermore, 
H the nozzle can be calibrated so 
that the entire weight of vapor 
flowing through the instrument 
per unit of time is known, and 
hence no provision need be made 
’ for condensing and weighing the 
discharge. 

(g) When the quality of the 
steam to be measured is suffi- 
ciently high to permit the instru- 
ment shown in Fig. 163 to be used 
Glass Tube as a throttling calorimeter alone, 
the discussion givén in (b) of this 
section applies without change; 
but, when there is moisture pres- 
ent after throttling the separating 
element must also be employed, 
Fig. 163.—Universal Type of Calorimeter. in which case the following treat- 

ment should be used. 

Let the weight of steam passing through the orifice to the separating 
part of the calorimeter be W2 lb. per hour, and let we represent the weight 
of that part of this flow that has been separated out as a dry vapor after 
throttling. Then the quality of the steam, after throttling from the steam- 
main pressure pi to the calorimeter pressure p2,must be rz = we/We. 
Consequently with pe and xz known, the value of h2 may be found. 
Since hy = he, and pi is observed, then 2x), the quality of the steam 
in the sampling pipe, is found directly from the charts, or by the follow- 
ing equation: 
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The states 1 and 2 may be represented as shown in Fig. 164. 

In order to use the separating portion of this calorimeter, the actual 
rate of flow through the particular size of orifice used must first be 
obtained by a test run, preferably with a pressure p; and quality 2 
that agree fairly closely with those in the steam main. For any other 
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pressure p’ the flow may be taken without much error as directly 
proportional to p’/p1. 

(h) The chief source of difficulty in using any steam calorimeter is 
to obtain a true sample. The best means of doing this are fully dis- 
cussed in various papers dealing with such 
experimental work.’ The sample should be 
taken from a vertical pipe, preferably with 
downward flow, by asampling tube having 
openings as indicated in Fig. 163. 

197. Vapor Charts.—(a) The pressure- 
volume and the temperature-entropy dia- 
grams will always be of the utmost impor- 
tance in the analysis of thermodynamic Fig. 164. 
problems, but for the purpose of obtaining 
simultaneous values of the six important characteristics of a vapor 
(p, V; t, h, 7 and ¢) in any specified state, other sets of coordinate 
axes are usually found more suitable. If a sufficiently large number 
of points for these properties are plotted in a clear manner and curves 
are drawn through them the resultant chart becomes of the greatest aid 
in numerical work involving vapors. 

(b) The Temperature-Entropy Chart may have lines of constant 
pressure, volume, heat content and quality drawn upon it, as previously 
shown individually, and as now represented collectively in Fig. 165. 
However, the constant volume lines are usually omitted, as they do 
not make very satisfactory intersections with the constant pressure 
ones, especially in the superheated region; and even in the region of 
mixtures these intersections are at very bad angles when the pressures 
are low. Furthermore the constant entropy lines and those of constant 
heat content do not make very satisfactory intersections in the region 
of mixtures at high pressures. For these reasons the T'¢-diagram, 
while of great value for analytical work, is not generally used for obtain- 
ing numerical results. Figure 165 is the diagram drawn to scale for 
steam. 

(c) The Mollier Charts—In 1904 Dr. R. Mollier published ® a 
number of new charts that have been of great service in solving problems 
involving vapors. The one that is most often used is that in which the 
coordinates are the specific values of heat content and of entropy, and 
which covers the range of values most needed in engineering applications. 
A typical form of this diagram for steam is shown in Fig. 166; and 
Plate I in the Appendix is a corresponding chart from which values may 


7 Tbid.; also A.S.M.E. Code on Instruments and Apparatus. 
8 See “Zeitschrift des Vereines deutscher Ingenieure,” 1904, p. 271. 
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be read with sufficient accuracy for most purposes. From these charts 
it may be observed that the intersections of all the lines representing 
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Fig. 165.—Temperature-Entropy Chart for Steam. 


constant values of pressure, temperature, quality, heat content and 
entropy are very definite. However, the constant volume lines do not 
plot at all well on this 


1400 1300 1200 1100 1000 900 
28 Sy Ger rt—*Kt-¥ form of chart, hence Dr. 
19iil 7 . Mollier also used another 
- " diagram, as shown by 
E° “3 Fig. 167, in which pres- 
hd 1g sure and heat content 
3 3 are the coordinates, and 
are “a in which the volume lines 
1.5 are satisfactory. How- 
ever, in this latter chart 
1400 1300 1200 1100 1009 900 ae hae enstop ving 
Heat Content-B.t.u. per Lb, do not give good inter- 
Fra. 166.—Mollier Chart with @ and h sections with the other 
as coordinates. lines if the scales are 


uniform, hence the pressure scale is often made logarithmic, as was 
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done in the Chart for Ammonia that was prepared by the U.S. Bureau 
of Standards,® parts of which are shown in Plate IV in the Appendix. 


(d) The Ellenwood Charts 
were first published in 1914. 
As illustrated in Fig. 168, the 
main chart is one in which heat 
content and specific volume 
are coordinates, and on which 
are drawn lines of constant 
entropy, pressure and quality. 
In the lower part of it a curve 
of heat content of the liquid, 
hyg.-curve, has been added and 
along this line has been placed 
a scale of saturation temper- 
atures. Thus, extending a 


Pressure-Lb. per Sq. In, Abs. 


Heat Content-B.t.u. per Lb, 
Fia. 167.—Mollier Chart with p and h 
as coordinates. 


constant pressure line to intersect this latter curve establishes a point 
whose ordinate is h,,. for this pressure, and whose location on this 


a 
~ 
i] 
Q 
a 
s 
ee 
is) 
wy 
=] 
é 
° 
12) 
» 
3 
o 
q 
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Fia. 168.—Ellenwood Chart with h Fie. 169.—Ellenwood Chart with APV 


and V as coordinates. 


curve determines the corresponding value of ¢,. A supplementary chart 
with APV and V as coordinates, as shown in Fig. 169, is also provided. 
9 See Circular No. 142, U. S. Bureau of Standards. 
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Thus, from the two charts may be obtained values of p, V, ¢, 4, h, 
APV and 7 for any state of a vapor that is within the range covered, 
and in addition the values of the heat content of the saturated liquid 
may also be determined. Since specific volumes are given, these 
charts are particularly useful in connection with steam turbine calcula- 
tions and in any other problems that involve either volumes or their 
ratios, whether for expansions or compressions. 

In Plates II and III in the Appendix these charts are shown in 
greater detail. They are, however, greatly reduced in size from the 
original and more accurate ones which were published in book form,!° 
and in which the first chart covers twelve large pages, and the second 
two pages. 

Unless otherwise stated, the term “‘ Ellenwood Chart ” will be used 
as referring to the main one which has V and h as coordinates. 

(e) Vapor charts may also be constructed with other characteristics 
as coordinates. But, since those already given are typical, and as they 
are the ones most generally used, others will not be considered in this 
text. 


198. Moisture in the Atmosphere.—(a) The earth’s atmosphere 
consists of a mixture of gases and a small quantity of water vapor. 
The amount of this vapor per unit volume of the atmosphere varies 
widely from day to day, season to season, and place to place. Since 
the atmosphere is an important factor in many engineering problems, 
and since its vapor, commonly called its moisture or humidity, must 
usually be considered, certain technical terms relating to the latter 
need to be defined. 

(b) Since this atmospheric vapor is generally in a superheated con- 
dition at a very low pressure, its state may be represented by some such 
point as 7 in both the 7T¢- and 
PV-diagrams in Fig. 170. 
Through this point draw a 
constant temperature line until 
it intersects the saturated vapor 
curve at 2; and let the respective 
pressures at these points be p, 


Pressure 
Temperature 


ee and po, and the specific densities 
(b) be 6; and 62. Based on these 
Fic. 170. properties is a very useful rela- 


tionship called the Relative Hu- 
midity, k.H. This was originally defined as the ratio of the actual 


0 Ellenwood’s “Steam Charts,” John Wiley & Sons, publishers. 
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weight of moisture in the atmosphere per unit volume to the weight required 
for saturation at the same temperature; i.e., R.H. = 61/52 = V2/Vi. 

Since the absolute vapor pressure in the atmosphere is very low, 
always below 2 inches of mercury, the isothermal curve 1 2 almost 
exactly follows the law PV = a const. If this law is assumed to apply 
accurately, then, R.H. = pi/p2. Thus, on this basis, the Relative 
Humidity may also be defined as the ratio of the actual pressure of the 
vapor in the atmosphere to the saturation pressure at the same temperature. 
As the pressures of vapors are usually more readily and more accurately 
determined than their densities, this second definition is becoming more 
generally preferred and therefore is the one recommended in this text. 

(c) The relative humidity of the atmosphere can be readily deter- 
mined experimentally by methods which need not be discussed at this 
point; and, the saturation pressure pz corresponding to the actual 
atmospheric temperature ¢;, may be found from a vapor table or chart. 
Then, the actual vapor pressure corresponding to the given conditions 
follows from 


Die Rega lo se 7130) 


The higher the relative humidity for the given temperature the 
nearer will point 7 be to point 2 and the more nearly will the actual 
density 6; of the vapor coincide with 62. If R.H. is unity, pi = pe 
and 6, = do. 

(d) The dew point is that temperature at which the condensation 
of moisture in the atmosphere (or, in general, in any mixture) will 
begin, if cooling takes place at constant pressure. Since Dalton’s law 
of partial pressures holds well for the atmosphere, it follows that when 
this reduction of temperature takes place, the pressure of the vapor also 
remains constant. This constant pressure process is shown in Fig. 170 
by the line 1 3. As the cooling proceeds, the superheat decreases, 
finally reaching zero at 3, at which point the vapor has become satur- 
ated, the pressure being the same as that originally at 4. Any further 
abstraction of heat will cause condensation, or freezing, hence f3 zs the 
dew point for the case here represented. With a higher value of relative 
humidity than that shown, the dew point is raised, and vice versa. 

(e) When heating a mixture of air and water vapor at constant pressure 
the amount of heat absorbed is equal to the increase in the heat content 
of the mixture. The gain in the heat content of the mixture may be 
found most readily by applying Eq. (55) or (56) to the dry air, and 
then adding to this result the increase in the heat content of the vapor. 

For pressures less than 5 lb. per sq. in. abs. it has been shown by 
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Berry |! that the value of the heat content of superheated steam, in 
B.t.u. per pound, is given to the nearest B.t.u. by the equation, 


h = 1057 + 0.46, 


in which ¢ is temperature of the vapor in deg. fahr. This equation will 
be found to be very convenient in many problems involving a mixture 
of air and low pressure steam. 

(f) The humidity of the air is involved in problems in heating and 
ventilating of buildings and in air conditioning in general, in meteorology, 
in the design of cooling towers and ponds, in evaporating or drying 
processes, etc. It can be measured by means of hygrometers (usually 
of the dew-point, chemical absorption, or evaporative types). The 
ordinary wet-bulb psychrometer makes use of readings that are obtained 
from dry-bulb and wet-bulb thermometers and is the form of hygrometer 
that is generally used by engineers. The wet bulb is covered with 
moistened cloth, or wicking, over which air is made to flow. If the 
air is not fully saturated this results in a lower temperature reading 
than that given by the dry-bulb thermometer, and the dryer the air 
the greater will be the difference in temperature. With these two 
temperatures and the barometric pressure known, the relative humid- 
ity can be computed, or may be read directly from Psychrometric 
Tables or Charts. 

The various properties of air mixed with water vapor may be 
obtained for the different temperatures from special tables and curves.}? 


11See: The Specific Total Heat of Low-Pressure Steam, by C. Harold Berry, 
Power, March 17, 1925. 

12 For various charts and tables see: 

Rational Psychrometric Formula, by W. H. Carrier, Trans. A.S.M.E., 1911. 

Psychrometric Tables, by C. F. Marvin, U. S. Weather Bureau Bulletin 235. 

Smithsonian Physical Tables; also, Meteorological Tables. 

Am. Soc. of Heating and Ventilating Engineers, ‘Guide’? (annual). 

Mechanical Engineering Handbooks. 


CHAPTER XVII 
THE SIMPLE CYCLES OF VAPOR ENGINES AND OF VAPORS 


199. Distinction between Engine and Vapor Cycles.—(a) In the 
case of the usual internal combustion engine all the thermodynamic 
processes of major importance take place within the engine proper, which 
thus constitutes the complete power plant; hence, only the conditions 
prevailing within the engine itself are usually considered in analyzing 
the ideal and actual cycles of this type of machine. But when a vapor 
is the working substance, there are used, in addition to the prime mover, 
certain other pieces of apparatus that are of importance and that may 
have to be considered since the fluid passes successively through them. 
For example, if steam is the working substance, it is necessary to have 
a boiler to generate the vapor before it can be conducted by the piping 
to the prime mover; and, after some of the heat has been transformed 
into work in the latter, a condenser, or its equivalent, must be used to 
reduce the exhaust steam to the liquid state; and, finally, suitable 
pumps must be employed for returning the resulting condensate to the 
boiler, thus completing a cycle for the fluid. If the steam is exhausted 
into the atmosphere, where it condenses without recovery, an equivalent 
amount of liquid from some new source must be supplied to the boiler 
to complete the cycle. 

Thus, if a vapor is the working substance, and if the circuit of the 
fluid through the whole plant is to be analyzed completely, the processes 
occurring in all the apparatus involved must be considered, and the 
resultant cycle may be called the ‘‘ complete cycle of the vapor,” or briefly 
the * Vapor Cycle.” If, however, the flow of the fluid through the 
prime mover alone is under consideration, as independent of the rest 
of the plant, then only the Engine Cycle is involved. It should be 
noted that all of the fluid necessarily need not leave the engine at the 
same point to comply completely with the conception of the “ flow 
through the engine ” in the foregoing definitions.! 


1TIn the following chapter there will be discussed certain important cycles in 
which some of the working substance is extracted at various points in its passage 
through the engine. 
311 


312 THE SIMPLE CYCLES OF VAPOR ENGINES AND OF VAPORS 


The distinction between the cycle of the engine and that of the 
vapor has heretofore been ignored in most engineering work, but with 
the introduction of high pressures, and of the more complex vapor 
cycles involved in the steam circuit, it now seems desirable to dif- 
ferentiate between these two cases. 

(b) To obtain the best commercial results in designing or operating 
a power plant, or a prime mover, it is essential that the engineer respon- 
sible shall be able to analyze the thermodynamic processes involved, 
and in addition have a thorough knowledge of the probable costs and 
performances that should be expected to result with the apparatus 
used. The necessary analyses are best made by applying the thermo- 
dynamic processes of the previous chapters, considering them as carried 
out in an ideal manner, and then estimating, or determining, how closely 
the actual apparatus approach their ideal cycles, the more important 
of which will now be discussed. 

200. The Carnot Vapor Cycle—(a) The Carnot cycle for any 
working substance, as explained in Sect. 119, must always be a rectangle 
on the temperature-entropy diagram, since it consists of two isothermals 
and two reversible adiabatics. The shape of this cycle when drawn on 
the pressure-volume diagram will of necessity depend upon the states 
of the vapor at the beginning and end of the isothermal processes. 
Thus, in Fig. 171 are shown three possible Carnot cycles, abcd, abefd, and 


Fic. 171.—The Carnot Vapor Cycle. 


befc. In the first of these the isothermal expansion is represented by 
ab, which also shows the process of vaporization at constant pressure. 
In the second case, the isothermal expansion line is abe, which has the 
same portion ab as before, but in addition the expansion continues into 
the superheated region to e. For the third cycle shown, the isothermal 
expansion line is be, which is wholly within the superheated region. 
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(b) The efficiency of each of these ideal vapor cycles is the same. 
a as shown in Sect. 119 (e). 
1 
(c) The heat supplied, Qi, during any Carnot cycle may be found by 
multiplying the isothermal increase in entropy, (A%)7, by the absolute 
temperature 7; of the fluid during that expansion. Hence, for this case, 


Qi = T\(A®)r. 


Note that (A&)7 depends upon both the weight of fluid and the amount 
of isothermal expansion involved, and that in case the cycle considered 
is the one shown by abcd in Fig. 171, the value of Qi becomes simply 
the latent heat of vaporization at the constant temperature 7). 

The heat rejected is obviously Q2 = T2(A®)z. 

(d) The net work per cycle may be found for any Carnot cycle by 
any of the three following methods: 


(1) Net work = Qi — Q2 = (T1 — T2)(AB)r. . . . 1... (281) 
(2) Net work = Q; X Eff. = en , (2316) 
(3) Net work = Algebraic sum of the amounts of the work 
done by the fluid during each of the processes 
BHO CY Clos ge wey Ce fe on cea we aed lO) 


Since the only processes involved are tle isentropics and isothermals, 
the application of the methods given in Sects. 192 and 193 will deter- 
mine the heat absorbed and the work done during each process, whether 
the vapor is superheated or not. 

(e) The apparatus required to carry out the ideal cycle abcd of 
Fig. 171 is that which was described in Sect. 119 (b). Consider the 
cylinder to contain initially a unit weight of the saturated liquid in a 
state represented by a. First apply the hot body to the cylinder head 
so that the liquid is vaporized at constant temperature, and therefore 
at constant pressure. This will cause an expansion and, when the 
entire weight is vaporized, the piston will have moved far enough to 
cause its displacement to be equal to V, — V., and the work done 
during this process will be represented by the area abhl. Next apply 
the heat insulator to the cylinder head so that the adiabatic expansion 
be may take place, thus delivering to the piston the amount of work 
shown by the area begh. Now remove the heat insulator and apply 
the coid body for abstracting heat from the vapor in such a manner 
that it will be condensed at constant temperature, and consequently 
at constant pressure, as shown by the line cd. The abstraction of 
heat must cease when the quality of the mixture in the cylinder has 
become equal to 2a, such that adiabatic compression from pg to pa 


V1z.; 
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will result in causing the mixture to become a saturated liquid, as 
initially. Evidently the energy expended upon the piston during the 
isothermal and adiabatic compressions is represented by the area 
cdalkg. Consequently the net area abcd represents the net work deliv- 
ered to the piston by the vapor during the cycle. 

(f) It is very important to note that, as long as the given processes 
making up the ideal vapor cycle abcd are carried out for a given weight 
of fluid, the net work developed per pound of fluid completing this cycle 
will be the same whether all the processes take place in one cylinder of 
an engine, or in separate organs. Thus, if an attempt were actually 
made to try to follow the Carnot cycle abcd with modern apparatus, 
the complete vapor circuit would be obtained in the following manner: 
A suitable boiler would continuously vaporize the fluid at the constant 
temperature 7’; and deliver it to a pipe line leading to the prime mover. 
The engine would be thermally insulated so that the adiabatic expan- 
sion would take place within it until the exhaust temperature 72 is 
reached, when the fluid would be delivered to a suitable condenser. 
In this condenser sufficient latent heat would be removed at the tem- 
perature T2 to give the quality zg. The mixture with this quality 
would then be delivered to a suitable pump, or pumps, in which the 
adiabatic compression would take place with the delivery into the 
bciler of all the fluid in state a. The prime mover would probably be a 
turbine, and the pumps would undoubtedly be centrifugal ones, so that 
the flow of the fluid through all of the apparatus involved would be 
continuous. 

It is apparent that the particular weight of working substance con- 
sidered in Fig. 171 for the single organ need be only a portion of the total 
amount of fluid that might be kept continuously circulating through 
the several organs. Just so long as each portion of fluid is made to 
undergo the processes specified by abcd in the figure, the net work 
delivered by each pound thus circulating through the ideal machines 
will be the same. 

(g) As will be seen later, actual vapor engines of all types generally 
have higher engine efficiencies when using a fluid having a considerable 
amount of suwperheat, than they have when the vapor is merely in the 
saturated condition. But the apparatus required for extending the 
isothermal expansion of the Carnot cycle into the superheated region 
would be very complicated. Furthermore, comparison of cycles 
abefd and abcd of Fig. 171 will show that with the former the mean 
effective pressure is lower, 1.e., the size of unit will be larger for a given 
power output, than with the latter. These facts regarding the use 
of superheated steam in the Carnot cycle make it one that cannot. 
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be easily approached in practice. Whether any superheat is used 
or not there still remains the difficulty of effecting the adiabatic com- 
pression of the wet vapor. It is for these reasons that other vapor 
cycles which do not have these difficulties are the ones most often 
followed in power plant work. 

(h) The performance of actual power plants is sometimes compared 
with that which would occur if the ideal Carnot cycle could be used 
with 7; and T2 taken equal respectively to the temperature of the 
boiler furnace (say, 2500 deg. fahr.) and to that of the circulating water 
going to the condenser (e.g., 70 deg. fahr.). Such a comparison shows 
how much more heat energy might be transformed into work if it were 
possible to use a vapor having a temperature very close to that of the 
furnace. Unfortunately, however, materials that are available at 
present for making boilers, piping, and prime movers, cannot appa- 
rently be used with safety much above 800 deg. fahr. 

The Carnot Cycle is sometimes used as a standard of comparison for 
actual engines using vapors, and in such cases the upper and lower 
temperatures are taken respectively as those of the vapor at the inlet 
and outlet of the machine; but generally the other ideal engine cycles 
which are more closely followed by the actual prime movers serve as 
better standards for comparison than does the Carnot. These other 
cycles will be considered in this and the succeeding chapter. 


201. Significance of the Difference in Heat Content at Constant 
Entropy (AH) .—(a) Before proceeding further with engine or vapor 
cycles it is very desirable to obtain a clear conception of the full sig- 
nificance of the difference in the heat content of any working substance 
between any two states having the same entropy but different pressures. 
(b) Consider a pound of any vapor, having the known volume V,, 
admitted without heat transfer and at the constant pressure p, to an 
engine, either reciprocating or turbine, in which this fluid expands 
adiabatically and reversibly (and therefore isentropically) to some 
specified pressure, p,, at which it is exhausted from the engine without 
heat transfer; also assume that the differences in the elevations and 
in the velocities of the fluid at entrance and exit to be negligibly small. 
Then, since the initial state of the vapor is known when p, and Va are 
given, the value ¢, may be determined by the aid of a vapor table, or 
chart; and, with ¢» equal to ¢, and with py known, the value of hy 
may be readily determined.’ 

2 The initial state may be specified by characteristics other than pz and Va,—thus, 
most commonly the state of a superheated vapor entering an engine is specified 


by pa and ta, or by pa and Dg; but, in order to obtain a graphical representation of 
the work done by this fluid in passing through the engine in the manner specified 
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The work done by the pound of vapor during its constant pressure 
admission to the engine is represented by the area lago in Fig. 172 and 
is equal to PaVa ft-lb., or APaVa B.t.u. During the isentropic expan- 
sion from a to b the work done by the 
vapor is shown by the area abfg, and its 
magnitude in B.t.u. is equal to 1. — %, 
because the work done by any working 
substance during a reversible adiabatic 
expansion is equal to its loss of internal 
energy. Since the substance having the 

Fig. 172. volume V;, is exhausted from the engine 

at the constant pressure ps, an amount 

of work is done upon it during this process equal to APsV> B.t.u. as 

shown by the area bkof. Consequently the net work done by this fluid 

in passing through the engine under these conditions must be that 
represented by the area labk. Thus, in B.t.u., for any weight w, 


Whkiavi = Abe Vig 58 LT; ae Ty = APVs, aos 3c (232a) 
= H, — Ay = wha — ho). < s) ee (232b) 


(c) In order to grasp the full significance of Eq. (232), assume that 
the engine is one in which the expansion takes place between the same 
initial state and final pressure as before, that there is no loss due to 
radiation, conduction or convection, but that, as in the case of the real 
engine, there is turbulence and fluid friction that cause the adiabatic 
expansion to be irreversible. Then in this case, at the time the fluid is 
exhausted, it would be in some state such as b’ (in Fig. 172) in which the 
volume, internal energy and heat content will be greater than those at 
state b, for the reasons explained in Sect. 44 (1); and, consequently, 
according to Eq. (23), the work delivered to the machine by the fluid 
would be H, — H's, which would be less than H, — Hy. 

In other words, Eq. (232) expresses the fact that, with negligible 
difference in the energy of the fluid at exit and entrance due to velocity 
and elevation, the maximum work that may be obtained from any 
working substance flowing through a machine that is thermally insu- 
lated from this fluid is equal to the heat content at the entering state 
minus its heat content at the exhaust pressure and at the initial en- 
tropy, or, expressed mathematically, it equals (A HZ) y. 

(d) If the engine is a reciprocating one, the value of (AH), would 


above, the volume Vq is needed, and its value may be readily determined to agree 
with pa and ta. 
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represent the energy that could be delivered to the piston under ideal 
conditions. In case a turbine is used, (AH), is then the energy that 
could be delivered to the fluid itself to increase its velocity while passing 
through an ideal nozzle, — the resulting kinetic energy being converted 
into useful work by the action of the jet on the turbine blades which 
move at a suitable velocity to absorb this energy and deliver it to the 
rotating elements of the turbine. It is important to note, however, 
that only in ideal machines of either type is it possible to have the 
processes take place as assumed, because in real engines and turbines, 
during admission, expansion, and exhaust there will be heat transfers, 
fluid friction and turbulence, all of which decrease the work that may 
be done by the fluid. 

(e) It is now evident that the drop in specific heat content at con- 
stant entropy, (Ah),, may be spoken of as the available mechanical 
energy per pound of working substance flowing through any machine 
that has constant pressure admission and rejection of the fluid, and in 
which there is no appreciable change in energy due to variation in 
velocity or in elevation, and no transfer of heat to or from this fluid. 

Note that, in order to fulfill these conditions, steady flow is essential 
for the ideal turbine, but not for the ideal reciprocating engine. In 
the latter the flow is intermittent, but it must be without turbulence or 
fluid friction. For the machine having steady flow, the same conclusion 
regarding the meaning of (Ah), may be seen to follow from Eq. (24), 
p. 47, if E”, is zero and ¢1 = ¢2, as they must for the case of a reversible 
adiabatic flow. 

(f) The significance of the term (AH), having been established, it is 
now pertinent to inquire what phrase is suitable to apply to it. Unfor- 
tunately there is no short one that is entirely satisfactory. The terms 
“ Adiabatic Heat Drop,” “ Isentropic Heat Drop,” and “ Heat Drop ” 
are sometimes used; and until a better name for H than ‘‘ Heat Con- 
tent ’’ or ‘‘ Total Heat ”’ is accepted, some or all of the foregoing expres- 
sions may continue to be used occasionally. However, they are all 
lacking in precision and are therefore less satisfactory than the use 
of the symbol (AH), itself, or the term ‘ isentropic drop in heat content.” 

(g) From the discussion already given, and from Fig. 172, it is 
apparent that for a reversed direction of flow of the fluid through the 
ideal machine, with the other conditions remaining as specified in (b), 
that the increase in heat content of the fluid at constant entropy then 
represents the minimum work that must be expended upon the working 
substance to force it without heat transfer from one container into 
another at higher pressure. Evidently, for this case the machine must 
be some kind of a compressor, or pump, instead of a prime mover. 
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P 
(h) Referring to Fig. 172 it is seen that the area labk = — |, VAP. 


In case the fluid is one, such as an ideal gas, that has a simple relation 
existing between P and V during a reversible adiabatic expansion 
(or compression) this integral may be readily evaluated. In general, 
however, most of the vapors used do not have this simple relation, and it 
is therefore much easier to determine the values of ha — hy for the 
same entropy from Vapor Tables or Charts, and hence this method 
is the one usually followed. This shows the importance of having the 
constant entropy lines on such diagrams. 

(i) Before proceeding further, it should be carefully observed that 
in Fig. 172 the fluid does not complete a cycle. It enters the ideal machine 
in state a and leaves it in state b which is entirely different except as to 
its entropy. The lines la and bk merely serve to show, by the areas 
under them, the work done during the admission and rejection of the 
fluid at the two constant pressures, pz and ps, respectively. Later it 
will be seen that this same figure may also be taken as representing the 
indicator diagram that would be obtained from an ideal reciprocating 
engine having no clearance. In other sections there will be treated 
complete cycles of a known amount of fluid, and it is important to 
distinguish between the two kinds of pressure-volume diagrams involved. 
When considering such figures as 172 to represent the indicator diagram 
of an ideal engine without clearance, it is apparent that the engine has 
completed a cycle, although the fluid has not. 


202. Ideal and Actual Steam Rates.—(a) The ideal steam rate is 
defined as the quantity of steam required to produce a unit amount of 
work in the ideal engine. When a unit weight of steam is considered 
to flow through any ideal engine, it develops a certain amount of work, 
which is called the work of the ideal engine cycle, and which will be 
designated as Wk. If this value is expressed in B.t.u. per pound, it is 
evident that, in order that this ideal engine may deliver an amount of 
energy equal to a horse power-hour (2545 B.t.u.), or a kilowatt-hour 
(3413 B.t.u.), a certain weight of steam would be required. This 
quantity is the zdeal steam rate, and its value is 


2545 
Wy = Wh Ib.-per hp-bry) 4. 42 5 ee aaa) 
or Wy, = We Ib. per kw-hr. a) =. 3 sb) 


It is evident from these equations that the engine cycle which yields 
the largest amount of work per unit weight of fluid will have the smallest 
ideal steam rate, and vice versa. 


ASI) La, a a rc] et 
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(b) The actual steam rate is the weight of steam per unit of energy 
developed by the prime mover, or by the unit consisting of the prime 
mover and the machine which it drives, depending on which is under 
consideration; and its value is obtained by dividing the total amount 
of steam used in a given time by the energy output during the same time, 
both of which must be determined by actual test. 

With reciprocating engines the unit of energy is generally taken as 
either the i.hp-hr. or the b.hp-hr.; with turbines it may be the b.hp-hr. 
or the kw-hr. delivered; and it may be either of the latter if the output 
of a combined unit is under consideration. Consequently the actual 
steam rate may be expressed as so many pounds of steam per i.hp-hr., 
per b.hp-hr., or per kw-hr. 

(c) The estimated steam rate of a proposed or actual prime mover 
may be determined very closely in many cases by first calculating the 
ideal steam rate and then applying a factor to allow for the probable 
losses of the actual engine as compared with the ideal. For example, 
a turbine manufacturer may have to guarantee the steam rate for a 
proposed turbine and may have available no actual test data from a 
similar machine operating under the same conditions. In such case a 
capable engineer can make an estimate of the steam rate by the method 
just stated, and if he has suitable knowledge of the proper correction 
factors to use, his results will be found to agree very closely with those 
obtained subsequently by test of the actual turbine. 

(d) The term ‘‘ water rate’? has been very commonly used in the 
past in the same sense that steam rate is now employed. However, the 
American Society of Mechanical Engineers has recently recommended 
that the latter term be used because it is the steam and not the water 
that operates the prime mover. The custom of using the older term 
originated because the most accurate method of measuring the amount 
of steam passing through the machine is to condense the exhaust 
steam and then weigh the resulting water. 


203. The Rankine Engine Cycle.—(a) The Rankine engine, or 
complete expansion engine, is one that admits the working substance at 
constant pressure, then expands it isentropically to some lower pressure, 
and finally exhausts all of it at this latter pressure, all three processes 
taking place without any transfer of heat to or from the fluid as it 
passes through the engine. It is evident from the discussion in Sect. 201 
that Fig. 172 may be taken as the indicator diagram of such an ideal 
engine, and consequently the work obtainable from each pound of 
fluid passing through the Rankine engine is 


W Kerankine Cng)) le — hy Kiet Alaa reer (234) 
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(b) It is also apparent that the Rankine engine may be taken as the 
standard for an actual prime mover of either the turbine or reciprocating 
type, provided the attempt is made to have all of the fluid pass through 
the machine in the same manner specified in (a). Since the work 
obtainable from each pound of steam passing through this ideal engine 
is ha — hy it follows that the zdeal steam rate of the Rankine engine is 


2545 
Wi(Rankine eng.) = eee lb. per hp-hr., a) oe (235a) 
or 
3413 
Wt,(Rankine eng.) = hele lb. per kw-hr. mn 6k (235b) 


(c) In the strict sense, the line ab in Fig. 173, is all that may be drawn 
on the 7'¢-diagram for the Rankine engine cycle. This is because a 
definite weight of vapor enters the ideal engine in the state represented 
by a, and after expanding isentropically therein it is exhausted in the 
state b, and this is all that occurs while this weight of fluid is within 
the engine itself. For the case here shown 
it is assumed that the vapor enters the en- 
gine in a superheated condition. The con- 
stant pressure lines through a and 6 are 
shown dotted so that for any other initial 
quality, and for the same initial and final 
pressures, the proper vertical line may be readily 
imagined. 

The state c in this figure represents the saturated liquid at the 
exhaust pressure and therefore it shows the condition of the fluid after 
coming from the condenser, but not from the engine. The significance 
of the areas of this diagram will be apparent later when dealing with the 
Rankine vapor cycle in Sect. 204 (d). 

(d) The amount of energy supplied to a Rankine engine cannot be 
established until a Cecision is made as to what portion of the energy 
of the exhaust steam shall be credited to the engine. In most large 
steam plants the exhaust steam is delivered to a condenser, and conse- 
quently the latent heat of this vapor is wasted by being transferred to 
the circulating water. On the other hand, if the condenser is of the 
“surface” type, the condensate, or liquid resulting from condensing 
the steam is in such a condition that it may be used again, but its heat 
content is appreciably above zero, and consequently it has been agreed 
by engineers that the engine should be credited with the heat content 
of the saturated liquid at exhaust pressure. 

Then, with a representing the state of the steam entering the engine 


Fig. 173. 
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throttle, and c the condition of the condensate corresponding to saturated 
liquid at exhaust pressure, the energy supplied to the Rankine engine 
by the boiler and its pumps is ha — h, B.t.u. per pound of steam. 
Hence, the efficiency of the ideal Rankine engine cycle is 


ha —h 
€i(Rankine eng.) = ee ‘ . 5 6 5 (236) 


This same standard is commonly used regardless of what is done 
with the heat content of the condensate, for then the performances of all 
Rankine engines operating with the same initial steam condition and 
the same final pressure are directly comparable. Thus, on this basis the 
engine which exhausts to the atmosphere, or to a heating system, may 
be compared with one whose condensate is returned to the boiler. 

204. The Rankine Vapor Cycle.—(a) The distinction between the 
Rankine vapor cycle and the Rankine engine cycle is due to the fact, 
as explained in Sect. 199, that in the former the working substance 
passes through a complete circuit, while in the latter the fluid simply 
passes through the Rankine engine without. being brought back to its 
initial condition. In the vapor circuit illustrated diagrammatically in 
Fig. 174, the boiler (including the superheater) and the condenser are 
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Fic. 174.—Diagrammatic Outline of Apparatus Involved in a Rankine Vapor Cycle. 


the only kinds of apparatus used to transfer heat to or from the fluid. 
In the boiler the volume of the working substance is increased many 
times, while in the condenser an enormous reduction takes place. In 
this circuit there are also the prime mover and the pumps, these being 
the only pieces of apparatus that give out or absorb mechanical energy. 
In the engine the volume of the working substance increases greatly and 
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in the pumps, which force the liquid from the low condenser pressure into 
the boiler at a much higher pressure, the volume is relatively very small. 
The piping is used merely as a means of transferring the fluid from 
one piece of apparatus to another. 

In the actual plant the maximum pressure in the entire circuit is at 
the delivery of the boiler feed pump, because to produce flow there 
must be pressure drops as the fluid passes through the feed line, the 
boiler, the superheater, and the steam pipe line. These drops are kept 
relatively small. In the prime mover a very large drop in pressure 
occurs with an enormous increase in volume, and this expansion is so 
controlled that there is developed a large amount of mechanical energy. 

(b) In the zdeal plant there are no losses due to fluid friction, leakage 
or turbulence, and no heat transfers of any kind except in the boiler 
and condenser. Consequently in the ideal vapor cycle the net work 
done by a given weight of fluid completing the cycle must be equal to the 
heat absorbed from the boiler minus that given to the condenser. This 
net work must also be equal to the work done by this fluid while passing 
through the ideal engine minus the work expended upon it by the ideal 
pumps. The energy equations involved in the Rankine vapor cycle 
will now be developed. 

(c) Since any vapor cycle is made up cf a series of processes that are 
followed by a definite weight of fluid, through a complete circuit, both 
the pressure-volume and temperature-entropy diagrams may be used 
advantageously to represent the successive state of this fluid as it 
passes through the various pieces of apparatus. A pound of steam, 
leaving the boiler in state a, shoves other steam ahead of it through the 
steam pipe, and thus constant pressure is maintained at the entrance 
to the prime mover. Hence, in the ideal case, the steam enters the 
prime mover with the absolute pressure and temperature shown by 
ain both diagrams of Fig. 175, it being assumed that the steam is super- 
heated. 

In the ideal prime mover this steam expands isentropically from the 
entering state a to a very much lower pressure, such as ps, which in 
large plants is usually far below atmospheric. This expansion changes 
the vapor from one having considerable superheat to one with a quality 
appreciably less than unity, as indicated by the location of state b. 

In the ideal condenser the latent heat of the exhaust steam is absorbed 
by the cool circulating water while the pressure remains constant at 
p», thus giving the process bc, as shown in the two diagrams. The 
pound of fluid is now a saturated liquid at the exhaust pressure, as 
shown by c, and is in the hot-well,—a reservoir for the liquid in the 
bottom of the condenser. From the hot-well, the water is pumped by 
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the condensate pump to the boiler feed-pump which forces it into the 
boiler again. These two pumps in series change the state of the fluid 
from a saturated to a non-saturated liquid, i.e., from c to d, as indicated 
on the diagrams. Thus, the fluid enters the boiler feed pipe as a non- 
saturated liquid in state d with pressure materially increased, but with 
the temperature and volume changed very little. This process cd in 
the ideal case should be considered as a reversible adiabatic compression 
of the liquid, because, following the explanation in Sect. 201 (g), the 
minimum work that must be expended to get the liquid from the hot-well 
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Fia. 175.—The Rankine Vapor Cycle. 


into the boiler adiabatically is represented by the area cdlk, or equals 
ha — h,.. After the non-saturated liquid in state d is forced into the 
boiler, or other heating apparatus, it absorbs heat at constant pressure, 
as shown by the process dea, until it again becomes a superheated vapor 
in the original state a, thus completing the Rankine vapor cycle shown by 
abcdea in both diagrams. 

(d) The thermodynamic analysis of this vapor cycle will next be 
made. Obviously, for one pound of fluid, 


Q: = Heat supplied by the boiler and superheater = area deamo = ha — ha 
Qs = Heat rejected to condenser =areabcom =h,—h. 


Q:—Q2 = Net work of the vapor cycle = area abcdea = hy — hy — (ha — h.) 


From the discussion given in Sect. 201 (g), the significance of the 
term (hg — h.) is evidently the mechanical energy expended upon the 
fluid to pump it from the hot-well into the boiler feed line in this ideal 
cycle, which by hypothesis excludes fluid friction. Representing by F 
the energy, in B.t.u. per pound, expended upon the water by the two 
pumps, it then follows that 


ha—he= F, or ha=h + F. 
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Consequently, the head supplied by the boiler is 


Qe=he—- te PP) =k, oh Fie. 288 
and the net work of the cycle is 
01 — Oo Hho tel. 3 es) 


Therefore the efficiency of the ideal Rankine vapor cycle is 


Op = Or hae hb SE 


€i(Rankine vap.) — Qi = he a) he a 7: (239) 


(e) In case the boiler is not equipped with a superheater, the steam 
entering the prime mover would have a quality less than unity, as repre- 
sented by some state such as a’ in Fig. 175. The isentropic expansion 
would then be represented by the line a’b’, and the corresponding ideal 
Rankine vapor cycle would be shown by a’b’cdea’. From the figure it is 
apparent that the net work, and the heat supplied per pound of steam, 
are less than for the case in which superheated steam is used, the pres- 
sures in both cases being the same. 

For the cycle a’b’cdea’ the efficiency is 


area a’b’cdea’ _ ih’, —h', — F 
area a’m'odea’ sh’. — h, — F' 


€i(Rankine yap.) — 


(240) 


(f) An understanding of the full significance 
of the factor F in the above equations is of im- 
portance. Referring to Fig. 176, which is an 
exaggerated drawing to show more clearly the 
portion cdlk of the pressure volume diagram of 
Fig. 175, let it be supposed that the fluid is one 
that is slightly compressible under the high 

Fic. 176. pressures that may be used in a boiler. Then 

the area cdlk represents the energy that must be 

delivered to the fluid by the ideal pumps. When much increase in pres- 

sure occurs, this work factor F may be large enough to be of consider- 
able importance. 

It is evident that the less compressible the fluid, the nearer does the 
figure cdlk become a rectangle such as cd’lk.2 If Va = V., the work 
shown by area cdlk = A(Pa — P.)V. B.t.u. per pound. But, since this 
ae always represents hy — h,, it follows that for a non-compressible 

uld, 


F =ha—h, = A(Pa— P,)V-, exactly, 


*For the case of water with pa — pe = 1000 lb. per square inch, the ratio of 
Va/V- would be about 0.993. 
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Thus 
heehee ACP i — P3) Ve ee. Sc0 w  -(241) 


This derivation shows that for a specified temperature and pressure, the 
heat content of a non-saturated liquid as given in Sect. 176 (f), is 
approximate only in so far as the liquid is compressible. 

g) The efficcency of the Rankine vapor cycle when the pressures are 
low may be calculated without considering the term F, which becomes 
negligibly small under these conditions. In this case Eq. (239) then 
becomes identical in form with Equation (236); but, note that h, — hy, 
is greater for the ideal Rankine vapor cycle than it is for the engine cycle 
because in the former the state a is chosen to agree with the condition 
of the vapor leaving the actual boiler while in the latter it agrees with 
the state of the steam entering the engine. Thus the losses of the steam 
pipe line are included when comparing the actual vapor circuit with its 
corresponding ideal vapor cycle whereas they are not involved when 
the engine cycle is considered. Of course the inequality in the entropy 
of the steam at the beginning of its isentropic expansion for the two 
cases makes the state b different 
in the two cycles, although they 
have the same exhaust pressure. 

For steam, the effect of neglecting 
this term F may be seen from the 
curves of Fig. 177 taken from the 
paper of Hirshfeld and Ellenwood 
entitled ‘‘ High Pressure, Reheating, 
and Regenerating in Steam Power 
Plants.”* This shows clearly that 
for steam pressures less than 400 Ib. “,,, 
per square inch, the factor F' need 
not be considered, while for the 4; 
much higher ones it may often be 
desirable to include it. 03s 

Figure 177 shows not only the 
efficiency of the Rankine vapor ox 
cycle both with and without con- 


y 
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sidering the pump work, but it Throttle Pressure, Lb. per-Sq. In. Abs, 
also gives the efficiency of this qf. 177.—Effiiciencies of Rankine 
cycle for a wide range of pres- Cycles (pp = 1” Hg Abs.) 


sures (200 to 1200 lb. per square 
inch) and for two values of the temperature of the steam 


4See Trans. A.S.M.E., 1923, p. 663. 
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i.e., for t; = 700, t, = 800 deg. fahr., temperatures which mean that a 
high superheat is used. For any given pressure these curves show a 
considerably higher Rankine cycle efficiency for the higher temperature 
steam. The reason why the cycle efficiency is increased at the higher 
temperatures, for the same pressures, is because the average temperature 
of the working substance during its reception of heat is greater, thus 
approaching somewhat more closely to Carnot’s cycle in which the 
working substance is at the highest possible temperature during all of the 
time it is absorbing heat from the hot body at a fixed temperature. 

In the strict limit of the application of Carnot’s principle the steam 
should leave the boiler at the temperature of the hot body which in 
this case is the furnace. But in order to have a rapid transfer of heat 
from the furnace to the fluid and to keep within the safe temperature 
limits of materials, as discussed in Sect. 200 (h), the steam must be 
much below the furnace temperature. 

It will be found, for reasons that will be discussed later, that the 
engine efficiencies of both the steam turbine and reciprocating engine 
are also materially increased by using superheated steam, which is 
consequently largely employed in modern power plants: 

205. The Rankine Cycles as Standards of Comparison.—(a) Now 
that the analyses of the Rankine engine and vapor cycles have been 
completed, these ideal cycles may be used as the two standards with 
which the actual engine, and the apparatus involved in the real vapor 
circuit, respectively, may be compared. If the engine alone is under 
test, the corresponding Rankine engine is assumed to have the same 
steam pressure and temperature at the throttle, and the same exhaust 
pressure, as the actual engine. If the whole vapor circuit is being 
studied, the maximum pressure and temperature of the ideal cycle 
are chosen to agree with the vapor as it leaves the actual boiler, and the 
exhaust pressure is taken the same as the actual condenser pressure. 
The entire vapor circuit is not tested or analyzed as a unit very fre- 
quently, but a clear understanding of it can only come from its complete 
analysis. On the other hand the use of the Rankine engine cycle as a 
standard is very common in commercial testing of steam prime movers. 

(b) To determine the most convenient forms of expressions for the 
various efficiencies® of any prime mover conforming to the Rankine 
engine cycle, let the following notation be used: 


ha = specific heat content of the vapor at the throttle; 
hy = specific heat content of the vapor at actual exhaust pressure, 


I 


’ The definitions and significance of the various efficiencies as given in Chap. XII 
should be thoroughly understood before proceeding further. 
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but with ¢, = ¢,; or, in other words, b is the state of the 
vapor coming from the corresponding ideal engine; 
specific heat content of the ideal condensate, or saturated 
liquid at exhaust pressure py; 
w; = weight of steam required by the ideal engine, in pounds per 
hp-hr. ; 
Wy, = weight of steam required by the ideal engine, in pounds per 
kw-hr. ; 
= weight of steam used by the actual engine, in pounds per 
i.hp-hr. ; 
ws = weight of steam used by the actual engine, in pounds per 
b.hp-hr. ; 
Ww. = weight of steam used by the actual engine, in pounds per 
hp-hr. output of combined unit; 
Ww; = weight of steam used by actual engine, in pounds per kw-hr. 
output of combined unit. 


=a 
ic) 
lI 


& 
z 
| 


For the ideal Rankine engine cycle, from Eqs. (235a) and (6) and 
Eq. (236), 


; 2545 
Ideal Cycle Efficiency = Eh) (242a) 
or 
; 3413 
= 2 2 
Ideal Cycle Efficiency n= (242b) 
For the actual prime mover following the Rankine engine cycle, 
Mechanical Efficiency = uae = ae (243) 
(M. Eff.) pad a: 
Indicated Thermal Eff. = iis (244) 
(2 TEI.) so cams 
Brake Thermal Eff. = he shy ah hee ee me ea) 
(B. T. Eff.) panty aa 
54 
Combined Thermal Eff. = web a erie eee wate sa 46) 
(CoP, Et.) <i ; 
or hi 
Combined Thermal Eff. = eh (247) 
(Ce ts Ee.) ete : 
: pe ha Eq. (244 
Indicated Engine Eff. = ene pease) me (248) 


a Off. Hq. (242a) w; 
(I. Eng. Eff.) Ideal Cycle Eff q. (242a)  Wina 
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Brake T. Eff. _ Hq. (245) _ w: 


Brake Engine Fff. = — = =—, (249) 
; . (242 

(B. Eng. Eff.) Ideal Cycle Eff. Eq. (242a) wo 

F : Comb. T. Eff. Eq. (246) — w; 
Combined Engine Eff. = -,——~— = =—. (250a) 

(C. Eng. Eff.) Ideal Cycle Eff. Eg. (242a) uw, 

or 
Wi 

Cnet Enea ee eee (250b) 


Big 42h). © toe 


Note that the last four equations reduce to the very simple ratio 
of steam rates because the value of h, — h, is common to both the ideal 
and actual engines. This is not the case with certain other cycles to 
be considered later. 

(c) The actual values of the mechanical efficiencies of modern recipro- 
cating steam engines are generally from 85 to 95 per cent. In steam 
turbines this efficiency is very high, and it is not usually considered 
to be a significant quantity; it is practically indeterminate since an 
indicator cannot be used on such a machine. 

The brake engine efficiency of both reciprocating and turbine engines 
will vary from about 50 per cent in the small sizes to about 80 per cent, 
or more, in the large ones. The losses in these two types of prime movers 
are of very different natures and each will be discussed in detail later. 
In general, however, it may be stated that the chief causes of reduced 
engine efficiency in the reciprocating type are heat transfers between the 
steam and the cylinder walls, throttling, and mechanical friction; and in 
the steam turbine they are fluid friction, turbulence, and throtiling. 
Since the throttling loss is common to both types of prime movers, 
regardless of what cycle is involved, it will be considered next. 

206. The Loss of Available Energy due to Throttling.—(a) Consider 
steam while in the state a, shown in Fig. 178, to be admitted to an 
engine which is assumed toexhaust against 
the back pressure p,. Then, as shown in 
Sect. 201, the maximum amount of work 
that can be obtained from each pound of 
steam flowing through an ideal engine 
under these conditions isha — hy. Next, 
assume that before admission to the 
engine the steam is throttled from the 
same state a to some specified pressure 
pa and that this throttling takes place 
under such conditions (see Sect. 85) that 
the heat content of the steam after throttling is the same as before. 


Fic. 178. 
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In the figure the line of constant heat content is az; and its inter- 
section, d, with the constant pressure line pa will therefore determine 
the state of the steam entering the engine. Then, starting expansion 
from this point and following the constant entropy line until it inter- 
sects the exhaust pressure line po, the state e at the end of expansion 
is determined. Thus, with throttling, the energy available for work is 
ha — he, which equals ha — h., since ha = ha. Hence the loss of available 
mechanical energy due to throttling, in B.t.u. per pound, is, 


Loss of A.E. = (Aa — hy) — (ha — Ie) = he — hy . «. (2510) 


= area bemn, to scale. 


(b) If the state e lies in the region of wetness, as shown in Fig. 178, 
it is evident that T, = T,. Consequently, for this case, the loss due to 
throttling, in B.t.u. per pound, may also be expressed as 


Loss of A.E. = T.(¢. — oo) = Te(da — ba), « ~ ~ (2510) 


in which ¢a — ¢a represents the gain in specific entropy of the steam 
due to throttling, and T, is the absolute temperature of the saturated 
steam corresponding to exhaust pressure. 

(c) In a third case, let the throttling be continued to some state f 
in Fig. 178, such that the isentropic expansion from that point to the 
same exhaust pressure as before results in the vapor remaining super- 
heated, as shown by g. Then, for this case the loss of available mechan- 
ical energy is equal to (ha — hs) — (hy — hy) = hy — ho, which is not 
the same as 73(¢; — ¢.), since TJ, is greater than T). 

From the preceding discussion it is evident that in general it is 
necessary to specify whether the minimum temperature or the minimum 
pressure is used as the basis of determining the available energy and there- 
fore the loss of available energy due to throttling. 


207. The Non-expansion, or Rectangular PV, Engine Cycle.— 
(a) The Rankine engine cycle just considered is sometimes called the 
“complete expansion cycle”’ because the adiabatic expansion con- 
tinues from the admission pressure clear down to the exhaust pressure, 
as shown by the broken line ab in Fig. 179. From the standpoint of 
thermal economy this full expansion to the final volume JV, is desirable; 
but, from this pressure-volume diagram, it is apparent that the mean 
effective pressure is much less, and the engine is larger for a given output, 
than would be the case if the adiabatic expansion did not continue to the 
exhaust pressure, but terminated at some point such as d, with rela- 
tively small volume Vz. The steam turbine can very readily take 
care of the larger volume V;, and thus utilize the heat energy as com- 
pletely as possible; but the reciprocating engine is not so well suited for 
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this purpose. For this reason the latter type of prime mover usually 
has “incomplete expansion,” and sometimes it may even be desirable 
to have zero expansion, in which case the engine follows the simple 
“ non-expansion cycle ” which will now be discussed. 

(b) Consider a reciprocating engine to have steam admitted at full 
throttle pressure p, during an entire stroke. With such an engine the 
work done during the admission of steam would be represented by the 
rectangular area zaxo of Fig. 179, in which zafy may be considered as 
the indicator diagram of this ideal engine 
having no clearance. Obviously the vol- 
ume V, will depend upon the amount of 
steam admitted and alsoupon its quality. 
Now, assume that this engine is of such 
a size that it will admit just one 

ae i7) The Nonexpancin pound of steam per stroke, that there 
Engine Cycle. is no leakage, and that there is no 
transfer of heat between the steam and 
the cylinder walls, then the work done during the admission za is 
AP.Va B.t.u. per pound. Next, let the inlet valve be closed and the 
exhaust valve be opened, thus permitting a large part of the steam to 
rush from the cylinder into the condenser, or to the atmosphere. In 
either case there is a free expansion of this steam, and the pressure of 
the vapor still within the cylinder drops very quickly from admission 
pressure ~a to the condenser pressure p;. Assuming that this free 
expansion takes place while the piston is stationary at the end of the 
stroke, it follows that an indicator attached to this cylinder would 
draw a vertical line such as af for this process. After the pressure has 
been reduced to p,, the piston is returned to its initial position, at the 
same time shoving the remainder of the steam from the cylinder while 
at the constant pressure p;, as shown by the line fy. 

Clearly then, corresponding to the indicator diagram zafy, the 
work done per pound of steam is (Pa — Py) Va ft-lb., or A(Pa — P,) Va 
B.t.u. This represents the work that could be done by each pound of 
steam passing through an ideal engine having constant pressure admis- 
sion during the entire stroke, followed by free expansion until the pressure 
in the cylinder drops to exhaust pressure while the piston is stationary, 
and finally, by constant pressure rejection of the remainder of the steam. 
Since the values of APV for various states of steam are given by one 
of the Ellenwood Charts, Plate III, in the Appendix, those for A PV 
and AP;V; may be read directly, and consequently the work done per 
pound of steam is very easily found. 

(c) The loss of mechanical energy due to the free expansion is repre- 
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sented by the area abf in Fig. 179, the dotted line ab representing the 
isentropic expansion of the steam that might take place, as discussed 
in Sect. 203, if the engine were designed for it. However, the volume 
of the cylinder to permit complete expansion would be Vz, while for the 
non-expansion engine it need be only a small fraction of this, as shown 
by? Vo: 

(d) In order to obtain the energy supplied to the engine per pound of 
steam, the value of h., which is the heat content of the saturated liquid 
corresponding to exhaust pressure, is subtracted from h,, the heat 
content of the steam at the throttle, for the same reasons that were 
discussed in Sect. 203 (d). Hence the efficiency of the zdeal engine 
operating on the non-expansion cycle is 


ACP, na) P We 
€i(non-exp. eng.) = ee ' 2 5 ; ( (252) 


(e) The zdeal steam rate of the non-expansion engine would evidently 
be 
2545 
ir CWO EE ON Db ee (258) 
(f) The thermal efficiency of an actual engine operating on this cycle 
can be determined as soon as the actual steam rates wing and wy, are 
known. Thus, 
2545 


Ind. Th-Eft. = Gite): (254) 
2545 


(g) The engine efficiencies of an actual engine that does not permit any 
expansion of the steam after ‘‘ cut-off’? may be found by dividing the 
ideal steam rate, w;, as found by Iq. (253), by the actual steam rate 
Wind, OF Ws,—depending upon whether the indicated or the brake engine 
efficiency is to be obtained. 

(h) If it be desired to base the engine efficiency of this type of 
prime mover on the Rankine engine cycle, the ideal steam rate of the 
latter, as given by Eq. (235), should then be used. While this procedure 
is often followed, it seems a questionable way of determining how 
closely the actual machine approaches the corresponding ideal, because 
the real engine in this case was never intended to use steam expansively. 
Such an engine efficiency wili not be a true measure of the imperfections 
of the actual machine as compared with an ideal one functioning in a 
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similar manner but having no friction, leakage, throttling, or loss due to 
heat transfers to or from the cylinder. These are the losses that the 
manufacturer and operator are able to reduce, and the engine efficiency 
should be a true measure of their success in minimizing them. 

The chief argument in favor of basing the engine efficiency on the 
Rankine is that it may sometimes be desirable to refer all the different 
types of steam prime movers to the same standard. This method may 
simplify calculations, but it is not altogether logical, any more than 
it would be to compare the engine efficiencies of all internal combustion 
motors to one standard, say the Otto. In all cases, however, the 
important point is to convey definite information as to what the term 
engine efficiency means; hence, in this text it will be written “‘ engine 
eff-non-exp., or “engine eff.pankine”” to show upon which standard it 
is based. 


208. The Non-expansion Vapor Cycle.—(a) In the previous section, 
the cycle of the engine using steam non-expansively was considered. 
Now the working substance will be carried through a complete cycle, and 
this means that both the PV- and T'¢-diagrams may be used to advan- 
tage to show the state of the fluid at various points in the power plant 
circuit, consisting of the boiler, non-expansion type of engine, condenser, 
pumps, and piping. 

(b) Suppose the boiler supplies saturated steam, as shown by the 
state a in Fig. 180. Then, with ideal steam piping, the area zafy rep- 
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Fig. 180.—The Non-expansion Vapor Cycle. 


resents the work A(P, — P,) Va, that is done by each pound of steam 
passing through the engine, as discussed in Sect. 207. The work of 
getting the condensate back into the boiler is represented by the area 
zdcy, hence F = A(Pa — P.)V., as shown in Sect. 204. Consequently 
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the net work that may be obtained from each pound of fluid completing 
this ideal cycle is, in B.t.u. 


Net work nonexp. vap) = area afcd = A(P, — P,)(Va — V.) 
= A(P, — P;))Va—F. . (256a) 
(c) This same result for the net work of the cycle of the working 
substance may of course be obtained by taking the difference between 


the amount of heat supplied and the heat rejected, in B.t.u. per pound, 
during the entire cycle. Thus 


Qi = Quea = area dealnd = ha — ha, 
Q2 = Qua = areacfalnc = (hy — h.) + (ta — ¥). 
Q:1 — Q2 = net work = area cdeaf in both diagrams, 
=h,—-—ha-ht+h-tty, 
= (he = ie) = (y= i) = (ta = hd), 
= APaVa — APsV; — A(Pa — P.) Ve, 
= A(P, — P))(Va — Ve), 
=tA(Pi— 2) Vam Be foe eo & 2560) 
In order to obtain this result in either (a) or (b) of Eq. (256) 
it must be remembered that only in case V. = Va does hg — h, 
= A(P, — P.)V. = F exactly, as was explained in Sect. 204 (f). 
(d) From the above equations it follows that for this vapor cycle 
afcdea the efficiency is 
area afcdea 
area dealnd 


_ A(P,— P)V. — F 
ee ee OUT) 


_ A(P, — P)Va— F 
~ he-h—F — 

Since the factor F, representing the energy expended in pumping 
without any friction each pound of water into the boiler, is very small 
for relatively low boiler pressures, which are the only ones likely to be 
encountered with this cycle, its value in Eq. (257) becomes of much less 
importance than in the similar equations for the Rankine and other 
cycles in which high pressures are frequently used. 

(e) The free expansion of the steam occurring after the exhaust valve 
of the engine opens involves great turbulence and consequently the 
states of the fluid during this process cannot be represented on any 
diagram, as discussed in Sect. 55. The constant volume line af in 


€i(non-exp. vap.) 


(257b) 
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Fig. 180 is drawn as a broken line because it merely represents an 
equivalent process that could take place by condensing the steam inside 
the cylinder until its quality becomes 2,, while the piston is stationary at 
the end of its stroke, thus delivering no work to the piston. Here the 
‘equivalent process” is simply one that may be substituted for the 
free expansion and yet the same net work will be developed per cycle. 
Then, since the heat supplied per cycle is independent of whether there 
is any free expansion or not, it follows that with the substitution of the 
equivalent process the same amount of heat will be rejected to the con- 
denser. 

This means that after the free expansion there may be found an 
equivalent state g of the entire pound of steam such that if its quality 
were reduced from x, to a, by rejecting heat to the condenser at the 
constant pressure py = p,, the same amount of heat would be given up 
as though its condensation from state a to f had taken place inside the 
cylinder at constant volume. In other words, the state g is so located 
that Qj. = Qy, or area falm = fgkm. Hence 

ta — ty = hy — hy. 
Therefore, 
hg = ta F (hy ine %), 
(ha — APaVa) + APrV1, 
see tg ia Aes ed Ve an eee 


It is important to observe from this equation that this type of free 
expansion in which steady flow conditions are not maintained is not one of 
constant heat content, since h, is less than hz. It should be noted also that 
if b represents the state of the steam after isentropic expansion from a 
to the same exhaust pressure, then A, is larger than hy. Since the free 
expansion takes place in the ideal cycle without any transfer of heat to 
or from the steam, it is an irreversible adiabatic, and the discussion 
given in Sect. 81 (c) therefore applies. Note, however, that with vapors 
the terminal temperature is usually determined by the pressure alone, 
since the quality is commonly less than unity. 


209. The Incomplete Expansion Engine Cycle—(a) This cycle, 


the ideal form of which is shown by the heavy lines in Fig. 181, is the 
one followed by the usual type of reciprocating engine which has 
“ cutoff ” of the steam (from the boilers) occur before the end of the 
stroke. Such an engine is not designed to have complete expansion 
because the additional energy that would be delivered to the piston 
by the “toe” (bb’f) of the diagram would be offset largely, or wholly, 
by the increased mechanical friction that would be caused by the 
additional movement of the piston and other parts of the engine, and 
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also because there would be required a larger cylinder, and hence a 
more costly one, with little or no gain in power output. The ideal 
incomplete expansion engine cycle can now be very easily analyzed 
since the parts above and below the line by’ represent, respectively, the 
Rankine and non-expansion engine cycles which have already been 
considered. The pressure p, is usually called the release pressure. 

(b) Assume that an ideal engine that follows this cycle receives a 
pound of steam at constant pressure pa, that the exhaust pressure is 
py, and that, instead of having the isentropic expansion complete, 
as shown by the broken line ab’, it ceases at b, thus obtaining a ratio 
of expansion V,/V. which is considerably less than the value (Vi/Va) 
for the corresponding Rankine cycle. 
After this expansion has taken place in 
the engine the exhaust valve opens at b, 
and the resultant drop in pressure of the 
vapor which remains in the cylinder, while y 
the piston is considered stationary at the 4 
end of the stroke, is represented by the 
constant volume line bf, the process being Fic. 181.—The Incomplete 
one involving free expansion, such as was Expansion Cycle. 
described in Sect. 207 (b). The line fy, 
representing the return stroke, shows the constant pressure exhaust of the 
remainder of the steam. This completes the cycle as far as the engine 
alone is concerned, because all of the steam has now passed through 
the machine. 

Considering the area zabfyz as composed of the two parts aby’z 
and bfyy’, which, from Sects. 203 and 207, represent, respectively, 
ha — hy and A(P, — P,)V», the work done, in B.t.u. per pound of steam 
passing through such an ideal engine, is 


Wheorsy = (ha — ho) + A(P2 — Py)Ve. . . . (259) 
(c) The efficiency of this ideal engine cycle is obviously 
(ha — hs) + A(Ps — Py) Vs 


€i (inc. exp.eng.) = ha —h 
a ¢ 


xv 


U 


(260) 


in which h, represents the heat content of the ideal condensate, or 
saturated liquid corresponding to the exhaust pressure, Just as it did in 
the Rankine and non-expansion engine cycles having the same exhaust 

pressure. 
(d) The ideal steam rate of this engine, in lb. per hp-hr, is evidently 
2545 


eee Seat 32 Se (261) 
Gi hee APs =P) V> 


Wj (inc. exp. eng.) = 
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(e) The engine efficiency of an actual engine operating on this cycle is 
given by the ratio of the ideal steam rate to the actual one, since the 
energy supplied per pound of steam is the same in both cases. 

The discussion given in Sect. 207 (h) regarding the inaccuracy that 
may result from using the Rankine cycle as a single standard of com- 
parison for all engines regardless of the cycle actually followed does 
not apply with as much force in this case as in others, because the 
cycle under consideration does not differ greatly from the Rankine 
and because the loss of area due to cutting off the toe bb’f is relatively 
small in most cases. However, when engine efficiencies are used in 
making a careful study of the performance of an engine of this type 
operating under various conditions, the most accurate information is 
obtained when the corresponding ideal incomplete expansion engine 
is used as the standard; and, to obtain the ‘‘ corresponding ideal” in 
this case clearly involves the use of the same throttle and exhaust 
pressures and the same expansion ratio, V,/V.a, as in the actual 
engine. 

(f) Vapor charts are of the greatest aid in making numerical analyses 
of this cycle, just as was seen to be the case with the Rankine and non- 
expansion cycles, which may be considered as the limiting cases of the 
cycle under consideration. As the pressure-volume relations of vapor 
during an isentropic expansion cannot, in general, be expressed very 
simply, and since the known data of the incomplete expansion cycle 
usually include only the ratzo of expansion and the exhaust pressure, but 
not the release pressure, the numerical solution of this cycle will be dif- 
ficult unless a chart that includes the simultaneous values of specific 
volume and entropy is used. 


210. The Incomplete Expansion Vapor Cycle.—(a) The analysis 
of this cycle for a pound of vapor that is carried through the complete 
power plant circuit involves the introduction of the pump work F, and 
the use of the state a in the ideal cycle as the condition of the steam 
as it leaves the actual boiler. 

(b) The pressure-volume and temperature-entropy diagrams for one 
pound of working substance carried throughout the cycle are shown 
in Fig. 182, in which ab represents the isentropic expansion of the entire 
pound of steam while in the engine, and the other solid lines show the 
states through which the fluid passes while on its circuit through the 
various pieces of apparatus involved. The line bf is shown broken 
because the process is merely the equivalent of the free expansion one, 
as regards the net work done, as has been explained already. The 
process bf may be thought of as one having a constant volume abstrac- 
tion of heat from the entire pound while its pressure drops from release 
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to exhaust. The letters y and z are placed on the pressure-volume 
diagram to show the significance of the area cyzd, or pump work F’. 

(c) The “‘ equivalent state”’ g at the end of the free expansion is so 
located on the exhaust pressure line cf (extended) that the area fgkm = 
area fblm, for the same reasons that were given in Sect. 208 (e). 


SS ee 


m 
(a) (6) 
Fia. 182.—The Incomplete Expansion Vapor Cycle. 


(d) From Fig. 182, and from the previous discussion of the Rankine 
and non-expansion vapor cycles, it follows that for this vapor cycle, the 
net work, in B.t.u. per pound, is 


Net Wk cnc. exp.vap. = area abfcdea, to scale, 
= (ha— hs) + ACP, — P;)) Ve — F; °. (262) 
and the heat supplied by the boiler and superheater, in B.t.u. per pound, is 
Qi 


area dealnd, to scale, 
= he hi = ham lhe ~ Fh. we 4 we 3 263) 
Hence, the efficiency of this vapor cycle is, 


Net Wk hi—h + A(Ps — P) Vi — F 
& (inc. exp. vap.) = O% == ie ae he aR A 


(264) 


As in the previous cycles, it should be noted that this expression 
for the efficiency of this vapor cycle becomes identical in form with its 
corresponding one for the engine cycle, (in this case with Eq. (260)), if 
the term F is small enough to be ignored, as it is when low pressures are 
used; but the state a for the vapor cycle is chosen to agree with the 

6 In the pressure-volume diagram of Fig. 181 the line bf is drawn solid because 


this figure is merely the representation of an indicator diagram that might be obtained 
from the ideal engine. 
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condition of the steam leaving the actual boiler instead of that enter- 
ing the engine, as previously discussed. 

211. Summary.—(a) Since this chapter deals with many important 
terms that are used in steam power plant calculations a brief summary 
of its major items now seems desirable. 

(b) The modern power plant using vapor has many separate pieces 
of apparatus through which the fluid is kept circulating, and since 
sometimes the whole system may be under consideration and at other 
times only an individual piece may be investigated, it is important to 
distinguish between the complete vapor cycle, and what takes place in 
the single organ, such as an engine or a pump that may be tested alone, 
in which case the engine cycle, or the pump cycle, is the one involved. 

(c) The application of the Carnot efficiency, (T1 — T2)/T1, to the 
analysis of the steam power plant in the strict sense requires the use 
of the temperatures of the furnace and condensing water as the upper 
and lower limits, respectively. When used with the steam engine by 
itself, the limits are the temperatures of the steam entering and leaving 
the engine. The very great drop in temperature between the furnace 
and the steam is necessary, at present at least, because there are no 
suitable materials for the apparatus that will permit the steady flow 
through them of a fluid having a temperature much above 750 deg. 
fahr., even though medium pressures are used. 

(d) The wsentropic change in the heat content of any fluid, (AH),, 
represents either the maximum work that can be done by, or the mini- 
mum work that must be expended wpon, a given amount of any fluid 
as it passes adzabatzcally from one container, in which constant pressure 
is maintained, into another, at the same elevation but in which there 
is a different constant pressure. If this transfer of fluid is due to a 
drop in its pressure there is an isentropic drop in its heat content, and 
consequently an ideal Rankine engine is involved; conversely, if the 
fluid has its pressure raised by reason of its passage through an zdeal 
pump there will be an isentropic rise in its heat content. 

(e) The Rankine Vapor Cycle is one in which the vapor is formed 
at constant pressure in a boiler, then passes through the Rankine 
engine, after which it is condensed at constant pressure and is then 
pumped without heat transfer into the boiler, there being no loss by 
reason of friction, leakage, or turbulence in any of the apparatus. The 
net work obtainable will be less by the amount of the pump work, than 
that from the Rankine engine. Also the heat swpplied by the boiler 
will be less, by this same amount, than the energy supplied to the 
Rankine engine, since this engine is credited with the energy represented 
by the heat content of the saturated liquid at exhaust pressure. 
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(f) The Rankine Engine Cycle is the standard on which is based the 
engine efficiencies of steam turbines which have no reheating or extrac- 
tion of the steam. For reciprocating engines this same standard is also 
often adopted, but the non-expansion or the incomplete expansion 
engine cycle, as the case may be, is more suitable for showing how 
closely the actual engine approaches its corresponding ideal having the 
same ratio of expansion. 


(g) The engine efficiencies of all types of prime movers, whether 
operating on the Rankine, the incomplete expansion, or the non-expan- 
sion cycle, may be found either from the ratio of the actual thermal 
efficiency to the corresponding ideal, or from the ratio of the ideal 
steam rate to the actual one, since the energy supplied per unit weight 
of steam is the same in both the actual and ideal cases in each of these 
three cycles. However, it should not be inferred that this ratio is 
also a true measure of the engine efficiencies of the more complex cycles 
which will be discussed in the next chapter. 

(h) In case the Rankine, the non-expansion, or the incomplete 
expansion, ideal vapor cycles are used as standards with which to com- 
pare the performance of the actual vapor circuit in the real plant, the 
following conditions must be fulfilled: The ideal vapor cycle is to have 
the maximum temperature and pressure of the fluid equal to those 
of the actual steam leaving the boiler, and the pressure at exhaust is 
to be equal to that in the condenser. The net work of the actual 
vapor cycle is obtained by taking from the actual output of the engine 
the energy supplied to operate all of the pumps involved in the actual 
vapor circuit. 


CHAPTER XVIII 
THE REHEATING, REGENERATIVE AND BINARY CYCLES 


212. The Principle of Reheating.—(a) Any steam prime mover, 
but especially the turbine, will have its engine efficiency appreciably 
improved by reheating the steam after it has flowed partially through the 
engine in the usual manner, and then having the vapor returned to the 
prime mover again, but with a high superheat, to complete its work. 
The increased quality of the steam at the lower pressures improves 
the engine efficiency to such an extent that, especially for large plants 
which operate under high load factors and with high pressures, the 
extra cost of the reheating system may be very well justified. This 
system was used many years ago on a few reciprocating engines, but 
recently the develop- 
ment of the large steam 
turbine using high pres- 
sures has made it a 


é e factor of much more 

ee importance than ever 
Pump =) before. 

@ (b) An outline of the 


Condensate Pump A . 
apparatus involved in 


the reheating vapor cycle 
is shown in Fig. 183. 
The reheater may be incorporated within the main boiler walls, or it 
may be a separate unit having its own furnace. Still another plan is to 
install a reheater which uses high pressure and high temperature steam, 
instead of a furnace, to supply the reheat.! 


213. The Ideal Engine and Vapor Cycles Involving Reheating 
without any Losses.—(a) The distinction between an engine and vapor 
cycle, which has already been treated fully in the previous chapters, 
also applies here. For the reheating vapor cycle, the ideal reheating 
system must always be one in which there are no losses of any kind. 
On the other hand, for the ideal engine cycle it is desirable to treat two 
cases, in the first of which the ideal reheating system will have no losses, 

1 See “Superheat and Reheat,” by B. N. Broido, Power, May 18, 1926, p. 757. 
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Fia. 183.—Diagrammatic Sketch of Apparatus In- 
volved in the Reheating Vapor Cycle. 
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\ 


and in the second it will be assumed to have the same losses as occur 
in the actual reheating system. The vapor and engine cycles involving 
reheating without loss will be treated together in this section, and the 
other engine cycle, and also the reasons for its use, will be given in 
Sect. 214. 

(b) The ideal reheating vapor cycle is defined as one in which the 
vapor passes through its complete circuit without any loss due to heat 
transfer, leakage, friction or throttling, and in which the vapor, after 
expanding isentropically through part of the prime mover, is reheated 
before the further expansion takes place through the remainder of the 
machine. The pressure-volume and the temperature-entropy diagrams 
for this case are shown in Fig. 184, and on them the state of the fluid as 


Fig. 184.—The Ideal Reheating Vapor Cycle. 


it enters or leaves each piece of the apparatus is indicated in each case 
by the same letter that is used for this purpose in Fig. 183. Referring 
to both of these figures, the cycle is carried out as follows: The steam 
leaves the boiler and enters the turbine in the state a; it then expands 
isentropically in the prime mover to b, after which it is reheated to a 
temperature fg and is then delivered to the turbine again, without loss 
of pressure or temperature, the state being shown by d. This tem- 
perature fg is usually nearly the same as that at a. The expansion is 
then completed in the turbine, as shown by the constant entropy line de, 
and the steam is delivered to the condenser in the state e. It is next 
condensed to a saturated liquid at exhaust pressure, as shown by the 
state c, and then by means of suitable pumps the fluid is returned to 
the boiler in state f, in the same manner as discussed for the Rankine 
vapor cycle in Sect. 204 (a). 

(c) The ideal reheating engine cycle in which there is no loss in the 
reheating system would be as given in Fig. 185. In this diagram, la 
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shows the constant pressure admission of steam, ab the first isentropic 
expansion, bd the constant pressure re- 
heating, de the second constant entropy 
expansion, and ek’ the exhaust from 
the engine at the constant pressure. 

The work obtainable from each 
pound of steam passing through this 
ideal engine is equal to the sum of the 
two parts represented by the areas 
abkl and dek’k, respectively. For 
each of these parts this work is 
equivalent to the isentropic drop in 
the heat content of the steam; hence, 
from Eq. (232), the work is, in B.t.u., 
per lb., 


Wk (reh. eng.) = (ha a hs) = (ha o= he) S DO fb oo (265) 
= area abdek’l in Fig. 185. 


Fic. 185.—The Ideal Reheating En- 
gine Cycle without Losses in the 
Reheating System. 


(d) The net work obtainable from each pound of fluid completing 
the vapor cycle will evidently be equal to that obtainable from the ideal 
engine minus the ideal pump work F, as explained in Sect. 204 (d). 
Consequently, for the ideal reheating vapor cycle, it follows that the 
net work, in B.t.u. per pound, is, 


Net Wk (reh. vap.) = (ha aa hp) = (ha = he) —F, yO (266) 
area abdecfga in Fig. 184. 


(e) The efficcencies of the vapor and engine cycles may now be found 
by applying the same principles as for the Rankine cycles (see Sects. 
203 and 204), except that now it is also necessary to keep in mind the 
fact that the reheater supplies an amount of energy represented by 
ha — hy. Consequently, the energy chargeable to the engine, in B.t.u. per 
pound, is (ha — h-) + (ha — hy); and the heat supplied by the boiler and 
reheater, in the same units, is 


Qi = (ha — hy) + (ha — hs) = (ha — he) + (ha — hy) — F (267) 
area fgabdemk in Fig. 184. 


Therefore the efficiency of this ideal engine cycle is 


the) ia he : 
€ (reh. eng.) = (ha ~ hi) as (ha hoe ef, 6UNe Ter 6” ie (268) 
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and the efficcency of the ideal vapor cycle is 


e _ Net Wk _ ia — hs) + (ha — fh.) — F 
4 (reh. vap.) Qi a (ha — h.) + (ha <2 hy) — fF 


(269) 


As explained in Sect. 204 (f), the value of the term F (which equals 
A(P; — P.)V.) becomes of appreciable magnitude only at high pres- 
sures. But it is also true that low-pressure plants are not likely to use 
reheating; hence the distinction between Eqs. (268) and (269) is of 
more commercial importance than it is between the similar ones in 
the Rankine cycles, which usually involve no high pressures. 

(f) Equations (266), (267) and (269) should be used when it is 
desired to establish a standard with which to compare the flow of the 
actual working substance in its complete circuit, because such a com: 
parison shows the magnitude of all of the losses that are involved. 
Equations (265) and (268) should be used as standards with which to 
compare the flow of the actual working substance through the engine 
and reheater only, unless it be desired to include the reheating losses, 
in which case the ideal engine cycle given in the following section 
would be used. 

214. The Ideal Reheating Engine Cycle Involving Reheating Losses. 
—(a) Since the manufacturer of turbines is usually not the one who 
furnishes the reheater and its piping, it may be desirable to compare 
the actual reheating turbine with an zdeal one in which the losses that 
are due to the drop in pressure and to heat transfer in the reheating system, 
are taken the same as those in the actual installation. This is the case 
that will probably be met most often in the testing of large reheating 
turbines and it is therefore the standard recommended by the authors 
for such prime movers, for the present at least, pending the complete 
standardization of this subject by some national or international engi- 
neering society. 

(b) This ideal reheating engine cycle is defined as fulfilling the fol- 
lowing conditions: 


(1) The same throttle pressure and temperature are to be con- 
sidered as in the actual case. 

(2) The steam leaving the prime mover for reheating is taken 
as at the same pressure as in the actual case, but with the 
same entropy as at the throttle. 

(3) After reheating, the steam is considered as returned to tie 
prime mover at the same pressure and temperature as in 
the actual case. 

(4) The same exhaust pressure is used as in the actual case. 
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With these conditions fulfilled, the pressure-volume and the tem- 
perature-entropy diagrams, as given in Fig. 186, may be used to 
advantage to show the states of the steam at various points as it passes 
through this ideal reheating engine. Thus, ab represents the isentropic 
expansion before reheating, and de the similar type of expansion in the 
turbine after reheating. The state c shows the saturated liquid at 
exhaust pressure, and the heat content h, corresponding to it is to be 
credited to the engine. Since it is assumed that there is an irreversible 
process in the ideal reheating system, there is a break in the diagrams 
between the states b and d, and consequently the process between these 
states cannot be shown. However, by locating the point d’ such that 


Fic. 186.—The Ideal Reheating Engine Cycle Involving Reheating Losses. 


pa = py and hy = ha, then the area bd’mn represents the net heat 
absorbed by the steam in passing through this zdeal reheating system. 
Regardless of how much throttling and loss of heat by radiation and 
conduction may take place in the reheating system, the net amount of 
energy ? absorbed by each pound of steam passing through it under 
steady flow conditions is hg — hs, if b and d represent the entering and 
leaving states, respectively. Consequently with this amount of energy 
added to the quantity ha — h, that is supplied by the boiler and feed 
pump, it follows that the total amount of energy chargeable to each 
pound of steam passing through this ideal reheating engine is (ha — h,) + 
(ha — Ay), B.t.u. 


2 Applying Eq. (22) to the steady flow of steam through the reheating system 
alone, in which v; = v2, 21 = 2: and E,,’ = 0, it follows that the gross energy sup- 
plied to the reheater is EH,’ = H,—H,+Re. Therefore the net energy absorbed by 
w pounds of the steam in passing through this system is EH,’ — R, = H, — Hy = 
whe — hi). Hence for the case here considered Ep’ — Re = wlha — hs) = 
wha’ — hp) = area bd’mn. 


THE IDEAL REHEATING ENGINE CYCLE 345 


(c) The work done by each pound of steam passing through this 
ideal engine is equal to the sum of the work done in the two portions 
abkl and detj, each of which represents a definite drop in the heat content 
of the steam at constant entropy. Hence, from Eq. (232), the work 
done, in B.t.u. per lb., is 


Wk, (reh. eng.) = (ha aad hy) =a (ha = Nee es) et is (270) 
(d) Therefore the ideal steam rates of this engine are 
2545 


W4 (reh. eng.) = ag ATTEN EET Ibs per bp-hr. . =. 27 1a) 


or 
. he 3413 
tk (reh. eng.) (ha _ hp) + (ha raz h.) 


(e) The efficiency of this zdeal engine cycle is 
| Wks (ha — he) + (ha — he) , 


€; (reh. eng.) = Energy Supplied a (ha oon h,) + (ha = hy)’ 


or, in many cases, it may be more conveniently found by means of the 
ideal steam rates, thus, 


Ib. perkw-hr. . . (2716) 


(272a) 


Pay Bs) 
& (reh. eng.) = w, (ha a h. a ha ape he)’ P (272b) 
or, 
3413 (272¢) 


4 (reh. eng.) = Wyle — Reig — his) 


(f) The actual reheating turbine will have the steam enter the reheat~ 
ing system in a state such as b’ in Fig. 186, from which it is apparent 
that hy>h, and ¢y>¢». This is due to the turbulence and friction 
of the fluid as it passes through the real machine, as discussed in Sect. 
44 (1). 

After having determined the state b’, the net energy absorbed by 
each pound of the fluid passing through the actual reheating system is 
ha — hy, which is less than in the corresponding ideal, as may be seen 
from the difference between areas b’d’mn’ and bd’mn. Hence the energy 
supplied to the real engine by each pound of steam passing through 
it is (ha — he) + (ha — hi). The state of the steam entering the actual 
reheating system, as shown by 0’, is found by measuring the pressure 
and temperature of the steam leaving the turbine. Similarly, the state 
d, representing the condition of the steam as it is returned to the actual 
turbine, as well as that of the ideal which has the same reheating losses, 
is determined by the actual measurement of pg and t;. The condition 
of the steam entering the condenser is shown by e for the ideal case, 
and by e’ for the actual one. The quality at e’ is fixed primarily by the 
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state d and secondarily by the engine efficiency, which in turn is 
largely dependent upon the quality at d. Clearly the greater the 
quality at e’ the larger will be the energy given to the condenser, and 
the designer is therefore confronted with the difficult question of decid- 
ing just how much reheating to use inany given case. He tries to have 
sufficiently high quality of the steam after reheating to give good 
engine efficiency and prevent damage of the turbine blades by mois- 
ture, but at the same time not give any more heat to the condenser 
than is necessary. In some cases it may even be desirable to use a 
second reheating when the initial pressures are very high, but this will 
involve no new principle, so it need not be considered here. 

(g) A prime mover using reheated steam is usually a large one and 
generally is tested in combination with the machine to which it is 
connected. Regardless of what the engine may be driving, the thermal 
efficiency of the combined unit may be determined as soon as the actual 
steam rate and the pressures and temperatures just mentioned have 
been determined. Thus, let 


Ww, = weight of steam used by the actual unit, in lb. per b.hp-hr.; 
w. = same, except in lb. per hp-hr. output of the combined unit; 


WwW; = same, except in lb. per kw-hr. output of the combined unit. 


2545 


Brake Th. Eff. = pase aay TRY Tn) : (273) 
and 
ee 2545 
Combined Th. Eff. = nel EN EE PS ds we (274) 
or, 
Combined Th. Eff. = eis + a ee Kae 


Wy ha — Nhe + ha — hp) 


(h) The engine efficiency of the combined unit is, by definition, as 
given in Sect. 144, the ratio of the thermal efficiency of the actual engine 
to that of the ideal one. Hence, 


_ BATE —_ Eq. (273) 

Brake Hog. Eis tage i we On) 

— Wilha — he + ha — hy) 

a eee Ges eS (276) 
Comb. Th. Eff. — Eq. (274) 

Ideal Cycle Eff. Eq. (2726) 


wi(ha — he + ha — he) 
We(he — Re ha — by ot * (277) 


Combined Eng. Eff. 
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or, 


Combined Eng. Eff. = USACE aU oer ag gD. 


Eq. (272c)  wy(ha — he + hha — ro) 


It is very important to note that in no case is the engine efficiency for 
this cycle obtainable from the ratio of the steam rates alone, because 
of the difference in the value of hy and hy.? 

215. The Principle of the Regenerative Cycle.—(a) From the study 
of the previous vapor cycles it has been found that by far the largest 
loss in the steam power plant is that due to the heat given up with the 
exhaust. It may happen, in certain instances, that the exhaust steam 
may be used for heating buildings or for industrial purposes. For such 
cases the steam system involved has, strictly speaking, an extremely 
high thermal efficiency; but, unfortunately, in most central stations 
it has thus far not been commercially feasible to utilize the exhaust 
steam for such purposes. However, by using a regenerative cycle, such 
as will now be considered, the loss in the exhaust is greatly reduced. 

(b) The regenerative cycle is one in which the feedwater is heated 
to a temperature much higher than that corresponding to saturation 
at the exhaust pressure, the heating being done by steam that has 
been extracted, or bled, from the prime mover at one or more points 
intermediate between the throttle and exhaust. It is apparent that the 
bled steam transforms some of its energy into work as it passes partially 
through the prime mover, and that the remainder is given to the feed- 
water, except for the very small portion that is lost by radiation and 
conduction. Since the feedwater can absorb only a limited amount of . 
heat, the major portion of the steam used in the regenerative cycle must 
pass entirely through the prime mover, and consequently this part 
must exhaust to the condenser. 

It should be noted that the eens cycle is different from the 
one in which steam is extracted from the prime mover at one or more 
points, for the purpose of heating something other than the feedwater. 
The term “ extraction cycle ” does not show the purpose for which the 
steam is bled, whereas the term “ regenerative cycle ”’ does. 

(c) The number of regenerative feedwater heaters to use in an actual 
plant cannot be determined properly until there has been made a 
careful study that takes into consideration all of the factors involved 
in a given station. As the number of heaters installed is increased, the 
first cost and complication of the plant will be made much larger, but 
the thermal efficiency of the plant will not improve proportionately. 


(278) 


3 For an indication of the magnitude of this difference see Table 5A, Trans. 
A.S.M.E., 1923, p. 806, in the discussion by I. O. Ellenwood. 
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In general, it may be said that the greater the number of heaters in use 
the less is the gain in thermal economy obtainable by the addition of 
another one. For this reason it seldom pays to use more than four 
in large plants and two in small ones. 

The ideal regenerative engine cycle with an infinite number of 
heaters is sometimes conveniently used as a standard when making a 
study of the probable performances of regenerative prime movers which 

are assumed to operate under a 
great variety of pressures and tem- 
peratures. It gives the best results 
that are obtainable with any re- 
generative cycle, and also has ther- 
mal efficiencies much higher than 
those of the cycles so far discussed, 
~ as may be seen by the comparison 
of such values with those of the 
ideal Rankine and reheating cycles, 
as shown in Fig. 187.4 On the other 
hand, studies of this kind are not 
typical of the engineering work 
usually involved in the testing of 
an actual regenerative unit. Since 
Pare GE ates pelle es an infinite number of heaters can- 
zal ioe not be used in any real plant, this 
cycle is a less satisfactory standard 
for determining the engine effi- 
20 alt rane nite, 2 ciency of a regenerative unit. that 
Fic. 187.—Comparative Ideal Engine is being tested than is the regen- 
Cycle Efficiencies. erative one that has the same 
number of heaters as are actually 

used; hence only this latter case will be treated in this text.® 


216. The Ideal Regenerative Engine Cycle with a Finite Number of 
Heaters.—(a) There are many steam turbines operating with regenera- 


0.50 


0.48 


0.44 


Efficiency 


4Jn this figure the solid lines represent values taken from the paper of Hirshfeld 
and Ellenwood already mentioned (see Trans. A.S.M.E., 1923), in which the tem- 
perature of first bleeding in each case was taken as that for the point where the 
isentropic expansion line intersects the saturated vapor curve. The ideal cycle 
efficiency would be increased slightly by taking the first bleeding point in the super- 
heated region, as may be seen from the broken line in the figure, which represents 
the efficiencies given in ‘The Margins of Possible Improvements in the Central 
Station Steam Plant,” by Ernest L. Robinson, Trans. A.S.M.E., 1923, p. 644. 


>For the method of treating the regenerative cycle with an infinite number of 
heaters see the articles referred to in the last footnote. 
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tive feedwater heaters and naturally it is desirable to be able to deter- 
mine how well such a unit is performing. The term “ unit ”’ here means 
the turbine-generator and its regenerative heater system, because the 
energy chargeable to the turbine depends upon the state of the feed- 
water leaving the last heater, as well as upon the steam consumption, 
the pressure and temperature at the throttle, and the exhaust pressure. 
It is the purpose of this section to develop a suitable standard, or ideal 
cycle, by means of which the true engine efficiency of such a unit may 
be determined. 

(b) The ideal regenerative engine cycle is defined as one fulfilling 
the following conditions: 


(1) The same number of ideal heaters are involved as there are 
actual heaters in the real unit with which the comparison 
is made. 

(2) The several bleeding pressures are chosen the same as those 
observed at the bleeder nozzles in the actual case. 

(3) The weight of steam bled at each point in this ideal cycle is 
calculated so that it is just sufficient to heat, at constant 
pressure and without loss of any kind, all of the feedwater 
entering the heater, up to the saturation temperature 
corresponding to this bleeding pressure. In making this 
calculation the bled steam is assumed to have had isen- 
tropic expansion from the throttle condition to the bleed- 
ing pressure, hence its corresponding heat content may be 
readily found. 

(4) The heaters in the ideal case are of the “ contact ” type, in 
which the bled steam is in direct contact with the feed- 
water; and each is taken as being under the same pressure 
as that of the steam at the bleeder nozzle with which it is 
connected. The fluid from each heater is considered as 
pumped without losses to the next heater of higher pres- 
sure,—or to the boiler, for the case of the last heater 
in the series. 


(c) The diagrammatic sketch of the apparatus involved in this ideal 
regenerative unit is shown in Fig. 188. Four heaters are assumed, as 
this number is not usually exceeded in practice. In case the number 
is different the necessary modification of the analysis can be easily 
made. On this diagram are also shown the relative amounts of steam 
that are bled at the various points and the weights of water entering 
and leaving each heater in this ideal case. The method of determining 
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these weights will be discussed in a later paragraph. The superheater 
will be considered as part of the boiler, as in Fig. 174. 


From Boiler 


Throttle+O1 


Fia. 188.—Outline of Ideal Regenerative Unit with Four Heaters. 


(d) The 7'¢-diagram in Fig. 189 shows by 1 2 3 4 5 6 the isentropic 
expansion line, and also by a, b, c, d and e, the states of the saturated 
liquid as it leaves the hotwell and each of the heaters respectively. 
The various weights of the fluid are also indicated. This figure serves 
merely *o show the state of the fluid at various points in its passage 
through the ideal 
unit. With the 
[— “is Throttle Flow arious bleeding 
pressures chosen 
\ bo» m,w,=Amt. bled atz tO agree with the 
actual case, as 
—> m,W,=Amt, bledat3 stipulated in (b), 
ine M,W,=Amt, bled at4 the several inter- 
5—-\inWyzAmt. bled at5 sections of the 

constant pressure 

lines P2, P3, 4, 

etc., with the isen- 

tropic expansion 

line through / az.d 

with the saturated 

liquid line may be 

3 obtained so as to 

Fic. 189. determine the re- 

spective state 

points for the vapor and liquid. The consideration of the significance 

of areas on the 7'¢-diagram will be deferred until the corresponding 
vapor cycle is discussed, as has been done with the previous cycles. 
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The temperature of the feedwater leaving the last heater in the zdeal 
case is t,, corresponding to state e, and in the actual case it is represented 
by ¢;, corresponding to some such state as that shown by f, its value 
being, in general, somewhat less than ¢,, due to the losses occurring in 
the actual regenerative heating system. 

(e) The amount of steam bled at each point in the ideal cycle must 
be calculated before the cycle efficiency can be found. It is most 
convenient to express all of these amounts as fractions of the throttle 
flow wi, and the symbols me, mz, etc., have been used for this purpose, 
as indicated in Figs. 188 and 189. The determination is based on the 
assumption that there is no leakage of fluid and on the third condition 
given in (b). Hence, 


we = (1 — me)w1 
and 
m2wi(hz — he) = Wa(he — ha); 
therefore, A , 
e— thd 
Us aay ol ee cae aC (279a) 
Similarly, 
wW3 = (a fr m3)W1, 
and 
m3wi(h3 — ha) = w3(ha — he); 
therefore, 
ge a elt Wrenn 
Sn, Wwe 


Following the same method, it is also found that 


ee. (1 Me = m3) (he = ho) 


Vi e . 
‘ hie — Bs 


(279c) 
and 

_ (1 = me — mz — M4) (hy — ha) 
= hs a ha aaa re ne 


(f) The work done by the steam in passing through the ideal regenera- 
tive unit, ® in B.t.u. per pound of throttle flow, is 
Wk, = hi — ho + (1 — me) (he — hz) + (1 — m2 — mz)(hg — ha) 
+ (1 — mz — m3 — ma) (ha — hes) 
+ (1 — m2 — m3 — m4 — ms5)(hs — he) 
= hy — he — ma(he — he) — maha — he) 
a ma(h4 = he) ae ms(hs a he) a” Aci Ot” Ee (280) 
6 Strictly speaking, the ideal unit includes the.heater pumps, and, therefore, 
Eq. (280) should include a very small subtractive term to take care of the amount 
of energy expended upon them; but, since the pressure in the last heater is much 


less than that in the boiler, this energy is very small and may be neglected here. 
Tt will be included, however, in the vapor cycle, Sect. 217. 


ms (279d) 
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(g) The energy supplied to the ideal regenerative unit, in B.t.u. per 
pound of throttle flow, is equal to hi, the heat content of the steam at 
the throttle, minus h., the heat content of the saturated liquid corre- 
sponding to ps, the highest bleeder pressure. Consequently the ideal 


cycle efficiency of the unit is 
Wk; [from Eq. (280)] 


es = on (281) 
(h) The zdeal steam rate of the regenerative unit, in lb. per kw-hr., is 
” 3413 (282) 


~ Wk; [from Eq. (280)}" 


It should be observed that Eqs. (280), (281) and (282) have been 
put in the forms that enable them to be used very easily with any number 
of heaters up to four. Thus, if there are only three heaters used, ms 
becomes zero and ps equals the.exhaust pressure. Only in case ma, 
m3, m4 and ms each become zero can these three equations give the 
same result as the similar ones for the Rankine engine (Sect. 203), for 
only then is this latter cycle carried out. 

(i) For the actual unit the total flow of the steam past the throttle 
and the corresponding energy output of the generator must be deter- 
mined’? by some means. From these two factors the actual steam rate, 
Wa, In Ib. per kw-hr., is found. Consequently, the energy supplied to 
the actual unit, in B.t.u. per kw-hr. output, is wa(hi — hy), in which h, 
is the heat content of the saturated liquid corresponding to the actual 
feedwater temperature, as measured upon leaving the heater having the 
highest pressure. Therefore, the combined tnermal efficiency of the 


actual unit is 


3413 
OG Thee eats) es eee a 
<= (283) 


and the combined engine efficiency of this unit is found either from 


Cena he Energy supplied ideal unit, in B.t.u. per kw-hr. 


Energy supplied actual unit, in B.t.u. per kw-hr. 


ae wilhi = he) 

mera Ret (284a) 
or from 
C. Eng. Eff, = C. Th. Eff. of actual unit [from Eq. (283)] (2846) 


Ideal Cycle Eff. [from Eq. (281)] 


7 The water coming from the condenser may be weighed in the usual manner, 
but the actual flow past the throttle is not so easy to determine and the method 
of procedure has not yet been standardized. Note that the actual amount of 
steam bled to each heater is not required for determining the engine efficiency, 
but that the throttle flow must be found, either directly or indirect)y 
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It is very important to note from Eq. (284a) that the ratio of steam 
rates (wi/wWa) will, in general, not give the correct value of the engine 
efficiency of a regenerative unit, because hy is usually far from equal- 
ing he. 

The engine efficiency of any actual regenerative unit is reduced chiefly 
by the imperfections of the actual prime mover and generator, but also 
slightly by the following additional factors that involve thermodynamic 
losses in the heater system of the unit: 


(1) There is a certain pressure drop through the valve and pipe 
line from prime mover to the heater, and consequently the 
temperature in this heater is less than its corresponding 
ideal. 

(2) Surface heaters, if used instead of contact ones, necessitate 
a certain temperature difference between the steam and 
water, since these fluids are separated by the thickness 
of the walls of the heater tubes through which the heat 
must be made to flow. 

(3) The condensate from the surface heater is usually collected 
in a steam trap, or its equivalent, from which it is dis- 
charged into the next heater having a lower pressure. 
This arrangement avoids the use of separate pumps for 
each heater, but the throttling of the saturated liquid 
to a lower pressure involves the usual kind of loss of 
available mechanical energy which always occurs with a 
free expansion. In this case the drop in pressure of the 
fluid as it passes from the trap to the lower pressure of the 
next heater results in increasing its quality, as explained 
in Sect. 195 (c), and the portion that becomes a vapor 
separates from the liquid; or, as it is commonly spoken of, 
this portion ‘ flashes”’ into steam, and mixes with that 
which has been bled to this heater. 


An indication of the values of the engine efficiency that may be 
expected from actual regenerative units will be found in the problems 
dealing with this cycle. 

217. The Regenerative Vapor Cycle with a Finite Number of 
Heaters.—(a) The difference between this vapor cycle and the engine 
cycle of the preceding section is due, first, to the inclusion of the feed- 
pump work, F, and, secondly, to the fact that the state of the vapor at 
the beginning of the isentropic expansion is taken the same as that at 
the point where the fluid enters the actual steam pipe leaving the super- 
heater, instead of that at throttle of the real prime mover. 
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(b) The areas on the T$-diagram of the regenerative vapor cycle 
cannot be compared in the simple manner that is possible for those cases 
in which all of the fluid passes through the same circuit. One form of 
this diagram that shows conveniently the area representing net work per 
pound of throttle flow in this ideal cycle is given in Fig. 190 for a unit 
having four heaters. This figure uses the same notation as that in 
Fig. 189, but in this case the diagram is so constructed that certain areas 
have important significances even though the weight of fluid in the tur- 
bine varies from point to point. At state / there are w, lb. of steam 
flowing in the prime mover per unit of time, but after the abstraction 
of steam at point 2 there 
remains in it only (1 — 
mz)w, |b. of steam, con- 
sequently the ratio of the 
width of the diagram to 
that of the original is as 

(1— m2) +1. The isen- 
Gea Es eR a ee ee N as eee ae 
nd ee be aE ee eee ese NN 8456 in Fig. 190 is 
Stig eu mal dal hier ieee aN kept fixed and the con- 
eae ==} ----- traction in the area of the 
diagram to correspond 
, with the reduced weight 
is accomplished by draw- 
ing new saturated liquid 
and vapor curves for the 
new weight remaining after each bleeding. The subscripts used with 
the letters to designate the several liquid lines show how many extrac- 
tions have been involved. These new saturated liquid lines are not 
parallel with abcde, but are constructed in accordance with the following 
equations: 


n'n m m'& 
Fia. 190.—The Regenerative Vapor Cycle. 


(1 — mz) + 1 = A@e,, + Abo, = Adz, + Absa 

(1 — m2 — m3) + 1 = Adz, + Abzq = AG,,, + APa, 

(1 — mz — m3 — ms) + 1 = Aa, + Abs, = Absy, + Abs, 

(1 — m2 — mz — m4 — ms) + 1 = AG5s, + AG5, = ABea, + APG, 


The corresponding saturated vapor curves may be drawn, when 
needed, by following a similar procedure. Thus y; is so located that 
(1 — mz) + 1 = A®g,, + Ady, The area 2y;y2 is negligibly small 
unless there is a very high superheat at the state 2. 
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(c) Using the notation given in Fig. 190, the ideal feed pump work 
for this cycle, in B.t.u. per pound of throttle flow, is 


Pee AtPe = P.)V. = A(Py — Paiva, ¢ 2 (C285) 


The small amount of energy expended by the several ideal heater pumps, 
in B.t.u. per pound of throttle flow, is 


Peat 97) AP, = Py) Va + (1 — mg — m3) AP) = PV, 
+ (1 — mz — mg — m4) A(P, — Ps) Vo 
+ (1 — me — mg — mg — ms)A(Ps — Pa)Va. «. . ~ (286) 


(d) The net work of this vapor cycle, in B.t.u. per pound of throttle 
flow, as shown in Fig. 190 by the area bounded by the heavy lines 
minus the small area 2y:y2, is 


Net Wk weg. vap) = hi — he — ma(h2 — he) — ma(hz — he) 
—ma(h4 =a he) = ms(hs card he) —F- ee (287) 


It may be noted that this equation is identical in form with Eq. (280) 
except for the small terms /’ and F’; but the states 1, 2, 3, 4, 5 and 6 are 
slightly diferent from what they are for the engine cycle because the 
vapor cycle starts the isentropic expan- 
sion with state 1 representing the con- + 
dition of the steam as it leaves the 
actual superheater, instead of as it ac- 
tually enters the engine. Lf 
(e) The heat supplied by the boiler 
in this cycle is found in the following 
manner: Considering the heavy line in 
Fig. 191, which is redrawn from Fig. 
190,the feedwater leaves the heater at e 
as a saturated liquid with a temperature Fig. (91 
t., then passes through the ideal feed 
pump and enters the boiler as a non-saturated liquid, as represented by g. 
The constant pressure formation of steam in the boiler (and super- 
heater) then occurs, and is shown by the line gk1, the point 7 representing 
the state of the vapor leaving the superheater. Thus, the heat supplied 
by the bowler and superheater,® in B.t.u. per pound of throttle flow, is 


O=hi—h,=h—h—F =~... . (288): 


= area gk1mn, to scale. 


Oe ae ee 
nn 


% 


In case there had been no regenerative heaters used, the boiler would 
have supplied the additional amount of heat shown by the area n/lgn 


8 See Sect. 204(d). 
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in Fig. 191, in which the line lgk represents the constant pressure 
heating of the liquid at boiler pressure. 

(f) Knowing the net work and the value of Q1, which is the heat 
supplied by the boiler, the effictency of this regenerative vapor cycle be- 


comes 
Net Wk. [from Eq. (287)] 


€i (reg. vap. cycle) = Qi [from Eq. (288)] 


(g) The heat given to the condenser in the zdeal plant, in B.t.u. 
per pound of throttle flow, is represented by the area 6a4n’m in Fig. 190. 
If the state of the steam entering the actual condenser is shown by 6’, 
then the area 6’a4n'm’ represents the amount of heat given to the con- 
denser in the real plant, in B.t.u. per pound of throttle flow. The 
state 6’ must be so located that the distance from a4 to 6’ is equal to 
xv ®, for the actual weight involved. 

Also, comparing this figure with Fig. 175, it is apparent that with the 
regenerative cycle the heat supplied by the boiler, the net work of the 
cycle, and the heat given to the condenser, are all less than they are 
for the Rankine for the same throttle flow; but these quantities are 
not all reduced in the same proportion, and hence the ¢ycle efficiencies 
of the two cases are not the same, being higher for the regenerative 
cycle. Or, in other words, with the regenerative cycle more steam must 
be used to do a given amount of work than with the Rankine, the 
exhaust pressure and throttle conditions being the same. This increase 
is due to the smaller work done per pound of throttle flow, but, never- 
theless, it is accompanied by a considerable improvement in cycle effici- 
ency, and hence in a lower consumption of heat per unit of work. 
Obviously, comparisons of the Rankine and regenerative plants on the 
basis of steam consumptions, or net work per pound, are not satisfactory, 
Comparisons of these two vapor cycles can only be made on the basis of 


(289) 


heat consumption per unit of energy output or thermal efficiency. 


218. The Ideal Reheating-Regenerative Engine Cycle Involving 


/Reheating Losses and a Finite Number of Heaters.—(a) If a prime 
/mover uses a combination of the reheating and regenerative principles, 


which were explained in the two preceding sections, it may very appro- 
priately be referred to as operating on the “ reheating-regenerative ”’ 
cycle. The reheating in such a unit is likely to take place at the same 
pressure as that at which the first bleeding occurs; and that is the case 
that will now be analyzed.® For the test of a unit consisting of the 

®There may occasionally arise conditions such that the reheating occurs at a 
pressure lower than that at the first bleeding point; also more than a single reheat- 


ing may be used. However, the analysis of those cases will not be given in this 
text, because no new principle is involved.. 
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turbine-generator and the bleeder heaters, as shown in Fig. 192, the 
ideal should have the same number of bleeder heaters and the same 
losses in the reheating system as in the actual case. For the test of the 
whole system through which the working substance flows, the corre- 
sponding ideal would be the Reheating-Regenerative Vapor Cycle, and it 
would be analyzed without allowing for any loss due to radiation or drop 
in pressure in the reheating system. The engine cycle will be con- 
sidered first. 

(b) Since the main purpose in developing such an ideal is to estab- 
lish a standard with which the performance of the actual unit may be 


Steam from Reheater—> 
Steam from Boiler —»> 


Steam to Reheater 


Fic. 192.—Ideal Reheating-Regenerative Unit with Three Feedwater Heaters. 


compared, this ideal engine cycle is therefore defined as fulfilling the 
following conditions: 


(1) The steam enters the throttle in the same condition as in the 
actual case. This is shown by state / in Fig. 193. 

(2) Isentropic expansion of all the steam entering the throttle 
takes place until the same pressure is reached as that at 
which the steam leaves the turbine for reheating in the 
actual case. This expansion is represented by the line 
(72ain.: Fie. 193; 

(3) The same number of regenerative-heaters is used as in the 
actual case; and the same bleeding pressures are assumed 
as those actually observed at the bleeder nozzles in the 
real plant. 

(4) Sufficient steam is bled at the state 2 to heat the feedwater to 
ta, the saturation temperature corresponding to pe. 

(5) The pressure and temperature of the steam after reheating 
and return to the prime mover are to be the same as in the 
actual case. The corresponding state is shown by 3 in 
Fig. 193, with the pressure lower than pe. 
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(6) The pressures p4 and ps5 are taken the same as those at the 
corresponding bleeding nozzles in the actual case. 

(7) The amounts of steam bled at 4 and 5 are just sufficient to 
heat at constant pressure, and without loss of any kind, 
the respective amounts of feedwater entering each corre- 
sponding heater, to the saturation temperatures for the 
pressures p4 and ps5, respectively. 

(8) Isentropic expansion is assumed to take place from 3 until 
the actual exhaust pressure peg is reached. 

(9) Contact heaters, with individual pumps, are assumed, as in 


Sect. 216. 
if CeO tae 1 
/ S ; 3 W,= Throttle Flow 
Z \ AY 
’ ' 
fe eN r [w= (I-™M,) Wy, 
ail Ay M,W,= Amt, bled at 2 
a ae 4>™m,W,=Amt, bled at 4 
Cc eo AR i, mee ee eke ee 
Pw 
ee BRMcW;= Amt. bled at 5 


Ge ae 


p 
Fic. 193.—Diagram Showing the States of the Steam and Feedwater at Various 
Points in the Reheating-Regenerative Unit. 


(c) In Figs. 192 and 193 wi, w3, ws and ws represent the weights of 
steam passing through the various parts of the ideal machine, and 
m2, m4 and ms are the fractional parts of the throttle flow, w1, that are 
bled at the respective points. The state of the steam leaving the ideal 
prime mover at exhaust pressure is represented by point 6, in the latter 
figure. 

(d) The amount of steam bled at each point in the ideal case is found 
in the following manner. Since 


m2w (he —_ ha) = (1 — m2)W1 (ha ze Re) 


ys _ hah 
a age 


then 
(290a) 
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Similarly, from 
ma4wy(h4 SS h,) = al —=— 1119 — ma)wi(h, = hy) 
dd a m2) (he aa ho), 


m4 = iis ; (290b) 
and from 
mswi(hs — hy) = (1 — m2 — mg — ms)wi(he — ha) 
ms = (1 Ue ma) (hy 75 ha) (290c) 


hee Ne 


(e) The work done by the steam in passing through this ideal unit, 
in B.t.u. per pound of throttle flow,!° is 


Wren. reg.) = hy —ho+ (1 Zs mz) (hg i ha) ts (1 es ma) x 
(hs SS hs) ++ cl SIO aa Othe ms) (hs ae he) 


= hy — ho + (1 — me) (hg — he) 
—thalha — he) — msths — he), « (291) 


and consequently the zdeal steam rate, in lb. per kw-hr., is 


3413 


Wi (reh. reg.) = Wk. [from Eq. 91) (292) 


(f) The energy supplied to the ideal unit, in B.t.u. per pound of 
throttle flow, is (hi — ha) + (1 — me2)(h3 — he) and consequently the 
efficiency of this ideal engine cycle is 

rs . Wk; [from Eq. (291)] 
i (reh. Teg.) (hi on ha) + él “iad ma) (hg pee ho) 


(g) For the actual reheating-regenerative unit the feedwater will be 
delivered from the last heater with a temperature ¢; which will usually 
be lower than t, for the corresponding ideal. The corresponding state 
is shown by f in Fig. 193. The steam leaving the real turbine for 
reheating will be at some state such as that represented by 2’, which 
must always be at a higher quality than 2 for the corresponding ideal 
case. Furthermore, the amount of steam bled at 2’ in the actual case 
will in general be different from that bled at 2 in the ideal. Conse- 
quently the weight of steam being reheated in the actual case will not 
be the same as in the ideal. Let the amount bled at state 2’ in the 
actual case be represented in terms of the throttle flow, by mew. 
Then the energy supplied to the actual unit, in B.t.u. per pound of 
throttle flow, is (hi — hy) + (1 — me) (h3 — he). 


10 This equation neglects the small amount of energy expended upon the ideal 
heater pumps of this unit. 


(293) 
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If the actual steam rate, as determined by the throttle flow in pounds 
per kw-hr. of the generator output, be represented by wa, then the 
combined thermal efficiency of this actual unit is 


3413 
Wal (hi — hy) + (1 — mer) (hg — he) 


The combined engine efficiency of the actual turbine-generator and 
regenerative feed water heaters (but not the reheater) is, therefore, 


C. Th. Eff. [from Eq. (294)] 
Ideal Cycle Eff. [from Eq. (293)]’ 


C>Th. Eff. ceb. reg) = (294) 


C. Eng. Eff. (reh. reg.) = (295a) 


or 
Energy supplied per kw-hr., ideal case 


Energy supplied per kw-hr., actual case 


= wi(hi — ha) + (1 — me) (h3 — he)] 
Wal (hi — hy) + (1 — me) (hg — he)] 


It is apparent from this last equation that the ratio of steam rates 
cannot give the engine efficiency for this case. This is because hg is 
different from h;, m2 1s not the same as mz, and hz is always less than 
hy. Hence, in making a thermal economy test of an actual reheating- 
regenerative unit it is necessary to know the weight of steam being 
reheated, as well as the amount of throttle flow. It is also necessary to 
observe the condition of the steam when it is leaving the turbine and 
when received by it after reheating; but it is not necessary to know the 
state of the steam leaving the reheater, because the reheating system 
is not considered as being a part of the unit under test. 

(h) The combination of the reheating and regenerative principles 
in the modern steam plant is a very attractive one. The ideal cycle 
efficiency is high and the reheating improves the engine efficiency of 
the turbine, hence the thermal efficiency of the unit is high. When 
there is also a good boiler-room efficiency, as is the case in many modern 
plants, the plant thermal efficiency, which includes the performance of 
the combustion equipment, will also be high. 

(i) In case it is desired to find the engine efficiency of the unit 
including the reheater losses, the corresponding ideal engine cycle is 
modified by moving the point 3, in Fig. 193, up to the constant pressure 
line passing through pe and to a temperature equal to that observed for 
the steam as it leaves the actual reheater, instead of that at which it is 
returned to the turbine. With the corresponding changes in the values 
of hg, ha, hs and he incorporated in Eqs. (290), (291), (292) and (293), 
these equations may then be used for this case without further modi- 
fication. 


C. Eng. Eff. @eh. reg.) = 


(295b) 
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219. The Reheating-Regenerative Vapor Cycle.—(a) This cycle 
involves the reheating-regenerative unit described in the preceding 
section and in addition includes the passage of the fluid through the 
feed pump, boiler and reheater, each having no losses. The ideal cycle 
may be represented by the heavy lines in Fig. 194, in which 1 shows 
the state of the steam corresponding to the pressure and temperature 
of the vapor asit enters the pipe line from the superheater in the actual 
plant. The condition of the steam at the beginning of reheating and 
at the first bleeding point is represented by 2, while 3 shows the state 
of the reduced weight of steam having the same pressure as p2 and a 
temperature equal to 
that of the steam leav- 
ing the actual reheater, 
because in this ideal 7 
vapor cycle the reheat- 
ing system is assumed 
to cause no loss of pres- 
sure or temperature. 
The states 4 and 5 are 
found by drawing the 
constant entropy line 
from 3 until it inter- 
sects the two constant FF ne 
Pee ure lines that are Fia. 194.—The Reheating-Regenerative Vapor Cycle. 
in agreement with the 
actual bleeding pressures used; and pe represents the actual condenser 
pressure. The state d shows the saturated liquid of w, lb. at the pres- 
sure p2 and represents, for the ideal case, the condition of this weight of 
feedwater leaving the heater having the highest pressure. The feed- 
water as it leaves this heater in the actual plant will usually be at a little 
lower temperature than fz. 

(b) The amounts of steam bled at 2, 4 and 5 may be found by using 
Eq. (290a, b and c), but the results will be slightly different from those 
for the case considered in Sect. 218 because the values of hz, h3, h4 and hs 
are now not exactly the same as when the actual losses in the reheating 
system and in the main steam line were involved as in the ideal engine 
cycle. Having found the values of m2, m4 and ms, the states, a3, bs, ba, 
C2, C1, di, 8, y1, 21, and z2 may be located by using the following equa- 
tions: 


- 


0 
*0 co 


W, |b. 


BES eS 


1 — m2 . A®o2 = A®oy, ae A®24, id A®>,, 
i 7 A®23, a A®o, 


A®s, Ay, 
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1—m2—m—m A®5,, APG, 
1 — M2 A®s,, A®6q, 


(c) The heat supplied by the boiler, superheater and the reheater, 
in B.t.u. per pound of throttle flow, in the ideal case, is 


Q: = (hi — he) + (1 — me)(hg — he). . . . (296a) 
= (hi — ha — F) + (1 — me) (hg — ho). ~~. (2960) 
= areaadeg123mk in Fig. 194. 
The value of the feed pump work, in B.t.u. per pound of throttle flow, is 
F = A(P. — Pa)Vi. 


(d) The heat rejected to the condenser in the ideal case, in B.t.u. 
per pound of throttle flow, is 


Q2 = (1 — mz — ma — ms)(hoe — ha) © . . . (297) 
= area a36mk’, to scale. 


(e) The net work of this ideal vapor cycle, in B.t.u. per pound of 
throttle flow, is 


Net Wk enree.vap) = hi — ho + (1 — me) (hs — he) 
— ma(ha — he) — ms(hs — he) — F — F’. (298) 
= area 1 236 az b3 bo c2e1 di deg 1 
— 2yyi2 — 421204 * in Fig. 194. 


In this equation the small amount of energy required to operate the ideal 
heater pumps, in B.t.u. per pound of throttle flow, is 


F’ = (1 — m2)A(Pa — P.)Ve + (1 — m2 — ma)A(P. — Ps)V5 
+ (1— me — ma — ms)A(Ps — Pa)Vae ssw. (299) 
Hence the efficiency of this ideal vapor cycle is 


_ Net Wk. [from Eq. (298)] (300) 


é re. tT Vap. 
Ne ae Q, [from Eq. (296)] 
_ area 1 236 a3 b3 bo c2c1 dideg 1 — 2yy12 — 421204 


areadeg1i23mk 


* The areas 2yyi2 and 421224 are negligible unless D, and Dy, are very large. 
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vas 220. The Binary Vapor Cycle.—(a) From a study of the vapor 
cycles thus far considered it is apparent that the cycle efficiency is 
improved by increasing the temperature drop occurring in the engine, 
and by having the addition of heat to, and its abstraction from, the 
working substance occur while the latter is at the highest and lowest 
temperatures, respectively. As has already been explained, the upper 
temperature is limited by the properties of the structural materials 
available; and it may be further restricted by the vapor pressure that 
it may entail. The final temperature cannot be reduced below that of 
the coldest cooling medium,—usually the condensing water. If steam 
is the working substance, and if vaporization is to occur at the maxi- 
mum temperature, no superheat will be used. If the temperature is 
raised much above 600 deg. fahr., the saturation pressure of this material 
becomes very high. If the exhaust temperature is greatly reduced, the 
saturation pressure of steam becomes very low and thus may lead to 
various difficulties. Hence, it may sometimes be desirable to use in 
the same system two or more working substances, each functioning 
through the temperature range in which it is best suited. In this case 
the condensation of the first fluid, after passing through its engine, 
causes the second substance to form vapor which will have a very 
different pressure from the first and which is used in a second engine. 
The process could be continued further if commercially feasible and if 
suitable substances were available. The use of two fluids in this manner 
gives rise to what is called the Binary Vapor Cycle. 

(b) Steam and sulphur dioxide were tried in a binary cycle by 
Professor Josse of Germany, about 25 years ago. One serious objection 
to SOz is that sulphurous acid is formed by it when combined with water. 

Ether has also been tried experimentally as one of the binary fluids 
but it is very inflammable and there are other objections to its use. 

(c) Mercury and steam as a binary combination have been investi- 
gated on an extensive scale by the General Electric Company. The chief 
advantage of mercury is that its saturation pressures are very much 
lower than those for steam of the same temperature. Thus for example, 
at temperatures of 800 and 900 deg. fahr. the saturation pressures of 
mercury are only about 45 and 95 lb. per sq. in. abs., respectively. 

(d) The mercury-steam cycle may use a large range of temperatures 
and yet have only moderate pressures. One combination of possible 
pressures and temperatures of both fluids is given in Fig. 195, the 
apparatus being shown diagrammatically in Fig. 196. In this case 
mercury is vaporized in a mercury boiler at an absolute pressure of 
85 lb. per sq. in. and a temperature of 884 deg. fahr., which is about as 
high as is feasible to use with any material now available. After passing 
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through the mercury turbine, this fluid is then condensed at an absolute 
pressure of 1.5 in. Hg and a temperature of 438 deg. fahr. By using 
about 9 lb. of mercury under these conditions, sufficient latent heat is 
given up to vaporize 1 lb. of water at an absolute pressure of 300 lb. 
per sq. in.; thus the mercury condenser becomes the steam boiler. 
A certain drop in temperature must occur between these two fluids in 
order to effect a rapid rate of heat transfer between them. In Fig. 195 
this temperature drop is taken as 20.5 deg. fahr. The steam is next 
superheated 100 deg. by means of the furnace gases that have already 
passed through the mercury boiler, as indicated in Fig. 196. This 
superheated steam may then be used in any of the cycles previously 
884, F, 85 Abs, 
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described. For the case shown in Fig. 195, the Rankine cycle, with an 
exhaust pressure of 1 in. Hg abs., has been represented. 

(e) The efficiency of this ideal mercury-steam cycle will obviously 
be high when such extremes of temperature obtain. The only question- 
able points concerning the use of this cycle in actual plants are those 
relating to the first cost, reliability, and maintenance. A satisfactory 
boiler for mercury is a most difficult piece of apparatus to design. 
This material does not ‘‘ wet” the surfaces, and as a consequence the 
tubes may become overheated if the design is faulty. Mr. Emmet of 
the General Electric Co. has investigated many different types of 
boilers and a small one has been in operation in Hartford, Connecticut. 

There have been many articles published in recent years on the 
subject of mercury-steam plants and many interesting details, includ- 
ing tables of the properties of mercury, are to be found in them.!! 


See The Possibilities of Mercury as a Working Substance for Binary Fluid 
Turbines, by Wm. J. Kearton, The Institution of Mechanical Engineers (British) 
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(f) Diphenyl oxide and steam have been suggested 12 by Dow as 
being the best combination of fluids for a binary vapor cycle. The tem- 
perature-entropy diagrams of this substance, together with those for 
mercury and water, are shown in Fig. 197 for different weights of these 
materials; and the values of the saturation pressure of these three 
fluids at various temperatures are given in Fig. 198. From these curves, 
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it is apparent that, with a temperature of 900 deg. fahr., the saturation 
pressure of diphenyl oxide is slightly under 400 lb. per sq. in. This 
fluid could be used in the high temperature region and steam in the 
lower one, in the same manner that mercury and steam are employed. 

(g) The ideal working substance to use in a vapor cycle would be 
one fulfilling the following conditions: 


1. The saturation pressures corresponding to the temperatures used 
at the throttle should not be so high that they cannot be com- 
mercially used. 

2. The saturation pressure corresponding to the temperature of the 


Noy., 1923; The Emmet Mercury-Vapor Process, by W. L. R. Emmet and L. A. 
Sheldon, Trans. A.S.M.E., 1924, p. 253; also Mechanical Engineering, May, 1924, 
p. 235; The Binary Cycles Using Mercury and Steam, by Arthur M. Greene, Jr., 
Mechanical Engineering, March, 1924, p. 142; Mercury Vapor Process by W. L. R. 
Emmet, Franklin Institute Journal, Feb., 1925; Saturation Pressures of Mercury to 
2000 kg. per sq. in., by Fritz Bernhardt, Physikalische Zeit., March 15, 1925. 

12 Diphenyl Oxide Bi-Fluid Power Plants, by H. H. Dow, Mechanical Engineer- 
ing, Aug., 1926, p. 815. 
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cooling water for the condenser should not be so low that it in- 
volves extreme difficulty in maintaining the necessary vacuum. 

3. At the throttle temperature there should be a high ratio of the 
latent heat of the vapor to the specific heat of the liquid, in 
order that the Rankine cycle may approach more closely the 
Carnot. 

4, The ratio of the density of the vapor to that of the liquid should be 
small in order to keep the ratio of the work done by the engine 
to that expended by the feed pump as large as possible. 

5. It should be available in large quantities at a low cost. 

6. The liquid should have the property of wetting metallic surfaces, 
thus making possible the rapid transfer of heat through boiler 
tubes without burning them. 

7. It should not be injurious to human beings or materials with 
which it may come in contact. 

8. It should not decompose. 

It is hardly necessary to add that no fluid known fulfills all of these 
requirements perfectly. Steam complies with the second condition, 
and also with the last four, better than does either mercury or diphenyl 
oxide; but both of the latter are far superior to it regarding the first 
item. Mercury is expensive, and its vapor is very poisonous when 
inhaled; therefore special precautions must be taken to prevent its 
leakage. Diphenyl oxide is superior to both steam and mercury regard- 
ing the slope of the curve representing the saturated vapor, because it 
can be permitted to have a large expansion ratio in a turbine without 
having the detrimental effects of a low quality. (Moisture is especially 
injurious to the blades of a turbine, as will be seen in a later chapter.) 
This material is inexpensive relative to mercury and can probably be 
obtained in large quantities. It is a new working substance that 
gives promise of becoming of much importance in power plants. Several 
materials other than those mentioned have been used in binary cycles, 
and still others may be found to be suitable.!% 


13 For a discussion of the relative merits of a number of fluids that may be used, see 
Vapors for Heat Engines by William D, Ennis, published by D, Van Nostrand Co. 


CHAPTER XIX 
THE RECIPROCATING STEAM ENGINE 


221. Introductory.—Now that the ideal cycles of vapors and vapor 
engines have been analyzed it is necessary to consider the actual engines, 
both reciprocating and turbine. The names of the various parts of the 
mechanism and the method of operation of the engine will be given, 
the nature and magnitude of the losses that determine the engine 
efficiency will be discussed, and the classification and types will be 
illustrated. In this chapter only the reciprocating engine will be 
treated, while later chapters will be devoted entirely to the turbine. 
In case the expansion takes place in one cylinder only, the engine is 
called a simple one as contrasted with the compound in which it 
occurs in two or more cylinders in series. Because of their great im- 
portance, valve gears and governors wiil each be treated in special 
chapters in Part If. 

222. Steam-Engine Parts.—(a) One of the simplest forms of a 
double-acting steam engine is shown diagrammatically in Fig. 199. 
The principal parts of the engine are generally grouped as follows: 

1. Stationary parts,—which include the cylinder, cylinder heads 
(bonnets), steam-chest cover, stuffing boxes and packing, engine frame, 
outer bearing, and subbase, if used. 

2. Rotating parts,—consisting of the shaft, crank (disk), fly-wheel, 
and eccentric. 

3. Reciprocating parts,—the piston, piston rings, piston rod, cross- 
head, and connecting rod. 

4. Valve gear,—valve, valve stem (rod), valve-rod guide (or rocker 
arm), eccentric rod, eccentric strap, and eccentric sheave (or “ ec- 
centric ’’). 

5. The governor. 

(b) The steadiness of the rotative speed of the engine during the 
revolution, that is, during the completion of one cycle on each side of 
the piston, is controlled by the flywheel. The number of revolutions, 
or number of cycles, per minute—which is usually called the engine 
“speed ’—in ‘‘ automatic’ engines is regulated by the self-acting 
governor, which in Fig. 199 is of the “ throttling,” fly-ball type. 
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The starting and stopping of the engine is accomplished by means 
of the hand-operated throttle valve which, in special cases, may also 
be used to regulate the operation of the engine. 

(c) Engines usually have the following fittings: drain cocks for 
cylinder and steam chest; cocks for attaching indicators; lubricating 
devices for bearings, guides, and cylinders; and shields to collect oil 
thrown by the crank, the connecting rod, and the eccentric. 
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Fig. 199. 


(d) Engines are mounted on masonry or concrete foundations 
sufficiently massive to prevent noticeable vibration being induced 
in the surroundings. ‘They are fastened to the foundation by “‘ anchor,” 
or “ foundation,” bolts. 

(e) The material used for making the subbase, frame and flywheel 
is cast iron. Special cast iron is generally employed for the cylinder 
and slide valve. The piston rod, connecting rod and shaft are made 
of steel. The main bearing and crank pin “ boxes”’ are lined with 
babbitt or other antifriction metal. The piston rings, which prevent 
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leakage of steam past the piston are usually of cast iron, and the 
packing which is used in the stuffing boxes to prevent leakage around 
the piston rod and valve stem is generally either fibrous (‘‘ soft pack- 
ing ’’) or metallic. 

223. Method of Operation.—(a) In some reciprocating engines 
both the delivery of steam to and its discharge from the cylinder are 
controlled by the respective edges of the same valve, and in others 
each of these operations is accomplished by a separate valve. For 
the sake of clearness, only the latter arrangement will be considered 
at this point. In this case there is an inlet or admission valve that is 
so operated that it permits steam to enter the cylinder during a certain 
portion of the working stroke of the piston, which is therefore called 
the admission period. This period terminates when the inlet valve 
closes, or the supply of steam from the throttle is “ cut off.”’ Clearly 
then the later this cut-off occurs the greater will be the amount of steam 
admitted per stroke. After cut-off the definite weight of steam now 
in the engine expands, during the so-called expansion period, with a 
rapid drop in pressure, until the piston reaches a point near the end 
of its stroke when “‘ release’’ occurs because the exhaust valve then 
allows the steam to escape from the engine. The exhaust period con- 
tinues until the piston has completed a certain portion of the return 
stroke, when the flow of steam from the cylinder is stopped by the 
closure of the exhaust ports. ‘“‘ Compression’ then begins because a 
small amount of steam is still in the engine and is compressed during 
the remainder of the return stroke of the piston. At some point very 
near the end of this return stroke the admission valve is again opened, 
and consequently the admission period of the next cycle begins. 

(b) The final compression pressure, pa, is determined in any engine 
by the following factors: 

(1) The clearance volume, which is fixed by the manufacturer of the 

engine; 

(2) The exhaust pressure, px, which depends on the operating con- 
ditions, such as whether the engine is run condensing or non- 
condensing; 

(3) The per cent of the stroke at which compression begins, or in other 
words, the ratio 1,/1 in Fig. 200, which is fixed by the valve 
setting of the engine; 

(4) The amount of leakage of steam that may take place past the 
piston and valves during the compression period; 

(5) The amount of heat transferred to or from the steam by the 
metal walls with which it is in contact during the compression 
period. 
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Of these five factors the first three are usually by far the most im- 
portant, and they are all directly under the control of the designer 
and operator of the engine. 

(c) The best compression pressure to use in any particular engine 
is somewhat difficult to determine. In all cases, however, an appre- 
ciable amount is desirable so that the reciprocating masses may be 
properly ‘ cushioned,” thus making the engine run smoother. There 
is also a thermodynamic advantage in haying, when the admission 
valve opens, the clearance space filled with steam at a temperature much 
higher than that at exhaust. Just what ratio of admission pressure 
to compression pressure should be used in any particular engine is a 
matter requiring considerable study by the designer. 

(b) A typical indicator diagram of a steam engine of the usual 
type is shown in Fig. 200, Here the admission begins at a and continues 
to cut-off at c, the drop in pressure being 
due to throttling or ‘“ wire-drawing.” 
The expansion period is represented by 
cr. Release occurs at r and the exhaust 
period is shown by rek. “Exhaust closure 
occurs at k, and ka represents the com- 
pression period. The net area abcreka 
obviously represents the net work dc- 

Fra. 200. livered to one side of the piston during 

one revolution of the engine. Of course, 

if the engine is a double-acting one, as is generally the case, there 

would be a similar diagram, but reversed, to represent the action of 

the steam on the other side of the piston. Having obtained such a 

diagram from an engine, by means of an indicator such as was de- 

scribed in Sect. 92, the indicated horsepower of the engine may be 
found by using Eq. (130). 

224. Clearance and Compression.—In the ideal steam engines 
previously discussed it was considered that no steam space existed 
between the cylinder head and the piston at the beginning of the stroke, 
and hence that the initial volume of steam in the cylinder was zero. 
In real engines, however, the piston must not touch the cylinder head, 
and the shortest distance between these parts is generally from } inch 
to 2 inch or more, and is called the ‘“ mechanical clearance.’ The 
cubical contents of this space, including the passages to the valves 
and all other spaces that must be filled with steam before the com- 
mencement of the stroke, is termed the ‘‘ clearance volume.” It 
equais the volume V, shown by Cl in Fig. 200, and is com- 
monly stated as a percentage of the piston displacement. It 
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varies from 2 to 15 per cent, and depends on the type and design of 
the engine. 

225. Mechanical Losses.—(a) In simple well-built steam engines 
that are in good condition the losses that are due to friction of the 
several parts moving relative to each other are very small when com- 
pared with the energy supplied by the working substance. The factors 
that contribute to the friction load are the piston, shaft bearings, 
crank pin, crosshead pin and guides, valves and their operating mechan- 
ism, the packing in the stuffing boxes, and the flywheel ‘‘ windage.”’ 

(b) If the engine is running at constant speed the mechanical losses 
will be almost the same regardless of the load, and, therefore, the 
mechanical efficiency (or b.hp./i.hp.1) will be zero at no load, and will 
increase as the b.hp. becomes greater. Its values for good reciprocating 
steam engines under normal loading are usually well above 90 per 
cent, and consequently the main losses of this type of prime mover 
are not mechanical but thermodynamic, as may be seen from the next 
section. However, as the total amount of steam used for a given out- 
put is directly dependent on the mechaniccl efficiency, the friction 
losses should be reduced as much as possible. 

226. Behavior of Steam in Passing through an Actual Engine.— 
(a) In the ideal engine, steam was considered to flow through it without 
any loss due to throttling, leakage, or transfer of heat to and from the 
engine parts; but all of these factors very materially affect the behavior 
of steam in real engines. 

(b) As the steam passes through the throttle valve and through 
the more or less restricted opening of the admission valve, its pressure 
and temperature are reduced by throttling. This reduces the available 
energy, as shown in Sect. 206; but, in general, this throttling does not 
cause a large loss because the drop in pressure is usually small in the 
better types of engines and because the quality of the steam is increased 
somewhat. The better quality and reduced temperature of the throttled 
steam both tend to diminish slightly the cylinder condensation in the 
manner that will be explained in a later paragraph of this section. 
Hence the engine efficiency is not reduced by throttling in quite the 
same proportion as is the available energy. 

(c) Though an engine has been operating during a sufficient length 
of time to become thoroughly warm, the metallic surfaces, with which 
the admission and exhaust steam is brought in contact, will pass through 
a cyclic change of temperature during each revolution of the engine. 
The reasons for this, and what the result will be, will now be shown. 


1 See definition given in Sect. 143. 
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When the steam enters the clearance space in the cylinder it comes 
in contact with surfaces that were cooled during the period of exhaust 
in the preceding cycle. These surfaces are good conductors of heat and, 
since they are at a lower temperature than the incoming steam, there 
will be a rapid transfer of heat to them. If the entering vapor is not 
superheated to an appreciable degree there will be a considerable 
portion of it condensed on these surfaces, and this phenomenon is spoken 
of as initial condensation. It causes a very serious loss, since from 10 
to 40 per cent of the entering steam is condensed in this way. 

As the piston moves away from the cylinder head, additional cold 
walls are uncovered, and further condensation takes place (unless the 
steam is superheated). If the steam received by the engine is initially 
dry saturated, the cylinder condensation may be sufficient to reduce the 
quality of the steam at cut-off to 60 per cent, or even less in extreme 
cases. Thus, unless special means ? are taken to prevent this condensa- 
tion, it is the main factor in reducing the engine efficiency. Much of 
the moisture formed is deposited on the surfaces of the cylinder walls, 
including the heads and passages. : 

(d) After cut-off has occurred, the drop in steam pressure and 
temperature will soon become sufficient to prevent further transfer 
of heat to the cylinder walls; but the total amount of heat that has thus 
been absorbed by the cylinder up to this time is relatively very large. 
During the latter part of the expansion the average temperature of the 
steam drops below that of the cylinder surfaces, and transfer of heat 
from the walls to the condensed vapor, which has been deposited on 
these surfaces, then produces a partial reevaporation that is usually 
sufficient to cause the quality of the steam to increase. The only factor 
that tends to prevent this increase in quality is the transformation of 
heat into work by the expansion, which is accompanied by a certain 
amount of condensation, similar to that shown to be the case with the 
ideal engine. 

(e) Release usually occurs before the exhaust reaches the back 
pressure, and there is therefore a certain loss due to incomplete expan- 
sion. The magnitude of this loss can be estimated from the actual: 
indicator diagram by continuing the expansion line until it intersects 
the exhaust pressure line, so as to determine the area of the missing 
poe.” 

During release the steam is dried to some extent by the heat that is 
given up by the cylinder wall to the steam, which is now at a low tem- 
perature, and also by the heat released from the steam itself while under- 
going the free expansion. 


2 Such as will be discussed in Sect. 230. 
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During exhaust the confining walls are cooled somewhat by contact 
with the outflowing steam, and very appreciably by the evaporation 
of the film of moisture from the walls. The greater the amount of 
moisture evaporated the cooler will the walls become, and consequently 
the greater will be the amount of steam condensed during admission in 
the next stroke. The exhaust, or back pressure, is somewhat higher 
than in the corresponding ideal engine because of the resistance to steam 
flow offered by the valve opening and passages. 

(f) During compression the quality of the steam is indeterminate, 
unless its value is known at the beginning of that process. It may be 
assumed, however, that the steam is dry at this point, and the results 
will be accurate enough for most practical purposes, because of the 
small weight of steam involved. During the first part of compression 
the steam may become slightly superheated owing to the reception of 
heat from the hotter walls of the cylinder. If the compression is high 
the temperature of the vapor may rise above that of the cylinder walls, 
in which case a transfer of heat takes place from the steam to the walls. 

(g) The leakage of steam past the valves and around the piston 
will modify the actual diagram and cause the engine to use more 
steam than it should. 

The loss of heat from the cylinder walls by radiation, conduction, 
and convection lowers the mean temperature of the walls and adds 
slightly to the condensation, but in the best engines the cylinders are 
so well lagged with non-conducting material that this loss is usually 
small, generally far less than 2 per cent of the energy supplied. This 
percentage may be more than doubled if high temperature steam is 
used in an engine not thoroughly lagged. 

(h) From the foregoing it is evident that the main factor in reducing 
the indicated engine efficiency is cylinder condensation—the losses due 
to throttling, leakage, and incomplete expansion being relatively 
small. The distribution of these losses may be seen from the energy 
stream given in Fig. 201, which is for a steam engine giving a rather 
good performance. This figure also shows the relatively small portion of 
the energy supplied that is lost by mechanical friction and that eventu- 
ally leaves the engine by radiation and conduction. It must be clearly 
recognized that the steam that is condensed upon entrance to the 
cylinder, and then later reevaporated during the exhaust period, is 
stealing its way through the cylinder without doing any useful work, 
and consequently the loss due to cylinder condensation appears as a 
large item in the exhaust steam. The losses due to throttling, incom- 
plete expansion and leakage (except that past the stuffing boxes) also 
increase the energy going out with the exhaust steam. The value 
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of E,, the energy supplied to the engine, has previously been defined 
as the difference between the heat content of the steam at the throttle 
and the heat content of the saturated liquid at exhaust pressure. From 
Fig. 201 it should be carefully noted what the approximate values of 
the different losses are when based not only on the available energy 
E,, but also on &,. 
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Fig. 201.—Energy Stream for a High Grade Steam Engine. 


227. Determining the Quality of Steam in the Cylinder.—(a) Since 
cylinder condensation may cause such a large loss in an engine cylinder, 
the methods of reducing it become important. In order to determine 
the magnitude of these losses it is desirable to be able to calculate the 
quality of the steam in the cylinder. This can only be done for the 
expansion period. First, however, it is necessary to obtain a good in- 
dicator diagram and, by test, to find the weight of steam admitted each 
cycle, or the cylinder feed, w;, as it is called. It is also essential to 
calculate the weight of steam entrapped during compression, or the 
cushion steam, w,. Then from cut-off to release the weight of steam 
in the cylinder will be w, + w;, provided there has been no leakage. 
The quality of the steam in the cylinder during expansion may then 
be determined by the following method. 

(b) Assume that the indicator diagram obtained from the engine 
under test is that given in Fig. 202, and that the clearance is known 
and may therefore be drawn on this diagram as shown. Then, by 
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the aid of steam tables, the saturated vapor curve for the weight w; + w: 
is drawn on this diagram. This curve ss’ will usually represent a con- 
siderably larger volume of steam than does the actual expansion line 
cr, due to the cylinder condensation. The quality at cut-off is therefore 


Ve cf” 


ai — = =, 301a) 
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and at release the quality is 
2, Ue ie (3010) 
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By scaling the diagram the quality of the steam at any other point 
during the expansion may be obtained in a similar manner, and then, 
by establishing a suitable qua- 
lity scale, as indicated in Fig. 
202, the quality curve may be 
drawn, as shown. At some 
point after cut-off, such as g, 
the steam has its minimum 
quality because beyond that 
point the absorption of heat 
from the cylinder walls is suffi- 
cient to overcome all other 
effects and increase the quality Fic. 202. 

of the steam. 

(c) The true quality of the cushion steam throughout compression 
is difficult to determine, but it is customary to assume it dry when 
the process begins. Since almost immediately after release the steam 
pressure drops to the back pressure, there is but little steam in the cylin- 
der soon after the beginning of the back stroke. That part subsequently 
trapped in the clearance and compressed is subject to the higher tem- 
perature of the cylinder walls throughout nearly the whole of the return 
stroke, hence it must be practically dry when compression begins. 
The weight of cushion steam is so small relative to the cylinder feed 
that even though its quality is not exactly unity the results will not 
be affected materially. 

With this assumption, the weight of the cushion steam at k, Fig. 
202, can be computed from 


igen Vee oy 2 ee eee ee, (808) 


in which V; can be scaled from diagram and V; is the specific volume 
of the saturated steam at the pressure p;, existing. 
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The case shown in Fig. 202 is not extreme but rather typical of a 
simple engine of the ordinary type that is supplied with throttle steam 
having 100 per cent quality, or even a small amount of superheat. 
The quality at cut-off will probably then be somewhere in the neighbor- 
hood of 60 per cent. 


228. Hirn’s Analysis.—(a) With good indicator diagrams available 
and certain test data that are easily obtained, it is possible to analyze 
the diagram so as to ascertain the amount of heat that is transferred 
to or from the steam during each period of the cycle. Since this analy- 
sis was first given by Hirn (in 1876) it is commonly referred to by his 
name. The method used involves merely an application of the law 
of conservation of energy to the steam engine during any or all of the 
periods composing its complete cycle. 

(b) The data needed for this analysis are: 

(1) The weight, w,, of the cylinder feed per cycle; 

(2) The quality, x, and weight, w;, of the cushion steam per cycle; 

(3) The state of the steam at the throttle, so that its heat content, 
h,, may be determined; 

(4) Anaverage indicator diagram, such as that represented in Fig. 
203, from which the quality x, at cut-off and also x, at release 
may be obtained by the method pre- 
viously explained. This diagram also 
furnishes the means of determining the 
amount of energy delivered to the 
piston by the steam during each 
period of the cycle. These amounts 
are shown by the areas that are cross- 
hatched and labeled by Ac, A, and A,, 
respectively. The areas A, and A, 
show the energy delivered by the piston 
to the steam during the exhaust and Fia. 203. 
compression periods. 

(5) The dimensions of the engine and the scale of the indicator 
spring, by means of which the number of B.t.u., B, repre- 
sented by a unit area of the diagram may be calculated. 
The scale of the spring also permits finding the absolute pres- 
sures at all points desired. 

(6) The weight, w., of circulating water used to condense wy pounds 
of steam; the circulating water temperatures ¢; and ¢, at inlet 
and outlet of the surface condenser; and also the temper- 
ature of the condensate leaving the hot well, so that the 
heat content of this liquid may be found. 
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(c) Now assuming that there is no leakage of steam and that the 
energy represented by the changes in velocity and in elevation of the 
steam in passing through the engine may be neglected, Table XII 
can be readily made up for the determination of the amount of heat 
transferred to the cylinder walls during each period in order to balance 
the energy equation. In this table all numerical values must be ex- 
pressed in the same energy unit, and the B.t.u. is the one used. It 
will be seen that this analysis is merely an application of the Simple 
Energy Equation, Eq. (9), modified to take care of the admission and 
exhaust of a definite weight of steam during certain periods of the cycle. 

(d) It should be clearly understood that the test data for this 
analysis ought not to be obtained until after the engine has been in 
operation a sufficient length of time to insure its being thoroughly 
warmed up. In other words, the completion of the cycle should find 
all the engine parts at the same temperatures that they had at the 
beginning of the cycle. The metal of the engine does not therefore 
act as a reservoir of energy, and consequently the algebraic sum of the 
values given in the last column of the table will represent the true 
loss of energy from the cylinder by radiation and conduction during 
a complete cycle. This loss must also be equal to 


Whnrottie — (net area of diagram) X B — w (to — ti) — wh conaensate. 


It is apparent that Hirn’s analysis permits the engineer to study 
the effect that different designs may have on the transfer of heat to and 
from the cylinder during each part of the cycle, and it thus enables him 
to decide on the best means of reducing such interchanges. 

229. Clayton’s Analysis.—(a) In 1912 Mr. J. Paul Clayton? set 
forth the advantages to be gained by plotting indicator diagrams on 
logarithmic cross-section paper. Some of these are given on page 118, 
but it is now desirable to show some special features that apply directly 
to the steam engine. 

(b) In Fig. 204 are represented the head and crank end logarithmic 
diagrams of a steam engine, as given in Clayton’s paper. This figure 
shows how well the expansion and compression curves follow the poly- 
tropic law PV" = K. Consequently, by obtaining the slope of the 
expansion or compression curve the value of n is obtained. From the 
figure it is apparent that for the expansion lines of both ends of the 
cylinder the value of n may be found from the ratio OX : OY. 


’See, A New Analysis of the Cylinder Performance of Reciprocating Engines, 
Journal Am. Soc. Mech. Eng., April, 1912, p. 539; also Bulletius No. 58 and 65 Univ. 
of Ill. Engineering Experiment Station. 


CLAYTON’S ANALYSIS 379 


(c) By using a large number of tests and plotting the diagrams 
on logarithmic paper, Clayton drew the following conclusions regard- 
ing non-jacketed steam engines exhausting at pressures near atmos- 
pheric: 

(1) The expansion line for any steam engine is a polytropic curve, 
and when plotted on logarithmic cross-section paper it is 
practically a straight line; hence any variation therefrom 
indicates leakage. 


0.1 0,2 0.3 0.4 0.5 0.6 0.70.80.91,0 2.0 
Absolute Volume-Cu, Ft. 
Fia. 204, 


(2) The value of n for expansion may be as low as 0.7 when there 
is excessive condensation, and as much as 1.35 for highly 
superheated steam. The quality at cut-off varies from 0.4 
to 0.9. 

(3) There is a definite relation between the exponent n and the 
quality x, at cut-off. This relation changes with the steam 
pressure and with the speed, but does not vary with the point 
of cut-off. For stationary engines running at nearly constant 
speed the only variation considered is the change in pressure. 
For a range of pressures between 75 and 150 the change of n 
and 2, is slight and conforms closely to the following equation: 


Coal 240i — Vwot0n 6 2 ws es (808) 
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(d) The steam consumption of the non-condensing type of engine 
may be calculated by the aid of Eq. (303) after m has been determined 
from representative indicator diagrams. The method involves the same 
general principles that were given in Sect. 227. There it was desired 
to determine the quality x, at cut-off,—the cylinder feed per cycle, 
w,, being known; whereas, now it is desired to find w; corresponding 
to the value of x, determined from the foregoing equation. 


230. Methods of Decreasing Cylinder Condensation.—(a) It has 
already been shown that the cylinder condensation causes the largest 
loss in the steam engine, with the exception of that inherent in the 
ideal cycle. Condensation is evidently dependent on, but not neces- 
sarily proportional to, (1) the ratio between the condensing surface 
(S) to which the steam is exposed, and the volume of steam used per 
cycle; (2) the temperature difference (AT) between the entering steam 
and the surfaces; and (3) the time (¢) of exposure, which is inversely 
proportional to the number (n) of cycles (i.e., to i/n). For computing 
the probable steam consumption many formulas have been proposed 
involving functions of S, AT, ¢, or 1/n, and numerical coefficients 
determined from experimental data. Such formulas are sufficiently 
accurate for ordinary purposes, when there is no leakage past piston and 
valves.* 

Unfortunately, while it is possible to determine experimentally 
whether or not leakage does occur, the amount per cycle cannot be 
closely evaluated; thus it is impossible in all cases to separate the loss 
due to leakage from that due to condensation. Hence cylinder con- 
densation and leakage must usually be considered together. 

Formulas for cylinder condensation should be derived from studies 
of data from engines that are known to have little or no leakage. 
Many of the data available are from engines which were not tested 
for tightness of valves and pistons and hence are unsuitable for the 
purpose. 

(b) The size of cylinder has an important influence on the cylinder 
condensation. It can be shown by computation that large cylinders 
have a smaller ratio of surface to volume inclosed than have small 
ones of the same proportions. It is therefore to be expected 
that large engines will have a smaller percentage of cylinder condensa- 
tion and consequently will give better economy than small ones; and 
that is actually the case. Very small engines may use twice as much 
steam per i.hp-hr. as very large ones of the same proportions and same 
conditions of operation. 


4 For formulas and data see Heck’s “Steam Engine,’”’ and Thurston’s “Manual 
of the Steam Engine.”’ 
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(c) The amount of surface in the clearance space (including that 
of the steam passages between valves and cylinder) has a predominating 
influence on the amount of cylinder condensation that takes place; 
for, just after admission, the piston is moving so slowly that the time 
of exposure of the steam to these surfaces is comparatively long, hence 
the amount of condensation that occurs is large. Probably the greater 
part of the cylinder condensation takes place in the clearance space. The 
cylinder passages and clearance space should therefore be designed to 
present the minimum amount of surface consistent with the other 
considerations involved. 

(d) The cylinder condensation is also dependent on the relative 
length of stroke of the engine. If long and short cylinders are of the 
same diameter and have their passages and clearance space identically 
the same, and cut-off steam at the same per cent of stroke, obviously 
the ratio of clearance surface to the total surface exposed per stroke 
of the engine is smaller in the long-stroke engine than in the one with 
shorter stroke. Neglecting the time element, the long-stroke engine 
should give better economy than the short-stroke one; and in general 
that is the case, though this is in part due to the fact that the long- 
stroke engines are usually also larger, have cylinders that are better 
designed, and have better valve gear than those with shorter stroke. 

The time element may have an important influence, however; 
for example, due to the fact that most of the condensation occurs in 
the clearance space and because of the shorter time of exposure, some 
of the short-stroke ‘“‘ high-speed ”’ Corliss engines give as good or even 
better economy than some long-stroke low-speed Corliss engines. 

(e) In many engines the exhaust steam flows over the outer surface 
of the cylinder wall, on its way to the exhaust pipe. Because of the high 
velocity of flow, this steam carries away heat more rapidly than would 
stagnant air in contact with the same surface. This lowers the mean 
temperature of the cylinder walls and increases the cylinder condensa- 
tion. In the better designed engines the exhaust steam is not brought 
in contact with the cylinder walls after it leaves the exhaust valve. 

(f) The point of cut-off affects cylinder condensation very materially. 
As most of the cylinder condensation occurs in the clearance space, the 
later the cut-off (or the greater the volume of steam admitted per 
cycle), the less will be the percentage of steam condensed, although the 
amount may be greater. (1) The percentage of steam not condensed 
is shown in Fig. 205 (a) by the ordinates, the abscissas being percentages 
of stroke at cut-off.6 (2) The available energy per pound of steam 

5 This is for large four-valve engines having little leakage. See ‘Engine Tests,” 
by G. H. Barrus. 
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decreases as the cut-off is advanced in the stroke (because of the reduction 
of expansion), hence the steam consumption per unit of work in the 
ideal engine is greater the later the cut-off occurs, as shown by the 
ordinates of the curve in Fig. 205 (b). (8) Evidently, dividing the 
ideal steam rate per hp-hr., Fig. 205 (6), by the fraction of steam 
not condensed, Fig. 205 (a), will give the true consumption at the 

various cut-offs. The values of the actual 
ae steam-rate, obtained in this way, are 
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Usually the steam-rate curve is more nearly horizontal to the right 
of the lowest point than it is to the left (as in Fig. 205), hence it 7s 
better to ‘‘ overload ”’ a steam engine than to “‘ underload ”’ tt. 

(g) Compounding of cylinders is a very effective way to reduce 
cylinder condensation. By using earlier cut-off the amount of steam 
used per hp-hr. is reduced in the ideal engine because of the greater ex- 
pansion of the steam. But it was seen in (f) for the case of the simple 
engine that the percentage of steam condensed becomes excessive with 
very early cut-offs and thus defeats the advantage which is gained 
in the ideal engine. Therefore, to use economically larger expansions 
than are possible with the ordinary simple engine, the cylinder con- 
densation must be reduced in some way. It was shown in (b) that 
cylinder condensation can be reduced by decreasing the surface (espe- 
cially that of the clearance space) to which the high temperature steam 
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is exposed and by reducing the temperature range in the cylinder. 
Both of these methods can be combined by compounding the 
engine. 

Thus, suppose a small amount of steam is admitted to a small cylin- 
der (say with } the piston area of the simple engine) and that it is 
expanded only enough to bring the temperature Tr (Fig. 206) of the 
exhaust steam part way to that of the 
simple-engine exhaust (say 7 is halfway 
between 7; and J2 on the temperature 
scale). Let the indicator diagram labeled 
H.P.in Fig. 206 represent this cycle. Then, 
owing to the smaller cylinder surface (es- 
pecially that in the clearance), there is very 
much less initial and cylinder condensation 
in this case than if the same weight of steam 
had been expanded the same amount in Fia. 206. 
the cylinder of the large simple engine. 

Now let the steam exhausted from the small cylinder enter one 
of the same size as that of the simple engine, and let it be further ex- 
panded in this cylinder until the back pressure of the simple engine 
is reached. The indicator diagram for this case is shown by L.P. in 
Fig. 206. During this expansion the temperature range (7'r to T2) 
is low, hence cylinder condensation is also small here. 

It is evident that an engine operating in this manner will use much 
less steam per hp-hr. than will a simple engine; roughly, it uses only 
about 2 to # as much. The best economy with the simple engine is 
obtained when the steam is expanded in the cylinder to four or five 
times its initia] volume. In an arrangement such as has just been 
described, the expansion giving the best results is from 7 to 16, or 
more, depending upon the conditions of operation. 

When an engine with two cylinders is arranged to operate in the 
manner just discussed, it is called a Compound Engine. The small 
cylinder is named the high-pressure (H.P.) cylinder and the large one 
is the low-pressure (L.P.) cylinder. 

Other engines are arranged to expand the steam in three steps, 
or stages, using in succession three cylinders that progress in size. 
These are called Triple-Expansion Engines, and the cylinders are 
termed respectively the high-pressure, intermediate-pressure (I.P.), 
and the low-pressure. Triple-expansion engines use considerably less 
steam per i-hp-hr. than do the compound engines. 

In the Quadruple-Expansion Engine, four cylinders are used in 
succession. They are termed the H.P. cylinder, the first intermediate 
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(I.P1.), the second intermediate (I.P2.), and the L.P. cylinder. Quin- 
tuple engines have been made, but their number is very small. 

Strictly speaking, the term “‘ Compound Engine ” includes all mul- 
tiple-expansion steam engines, but it has become customary to apply 
it only to those with two cylinders. 

A comparison of the performance of simple, compound, and triple 
engines operating under the same conditions is shown © in Fig. 207. 

The  triple-expansion 

“SIBLEY” Corliss engine in the 
See asta laboratories of Cornell 
/-———] iniTiaL pres.135 Les. ass. | University was tested 
ne ce aati sa tes Ce with the high-pressure 

cylinder operating 
alone as a simple 
engine, then with the 
high and intermediate 
cylinders acting as a 
compound engine, and 
finally with all three 
cylinders as a triple- 
expansion engine. 

0 5 10 MH HS The results are shown 

Ratio of Expansion r e 
Fic. 207. in this figure. Larger 
engines and those with 
jacketing, superheating, etc., would give better results, but this figure 
shows the relative value of using the different expansions. 

(h) Using superheated steam is one of the most satisfactory methods 
of reducing cylinder condensation. The cooling of the cylinder walls 
during exhaust is largely due to their surrender of the heat used in 
evaporating the moisture on their surfaces. As the latent heat of 
vaporization corresponding to the exhaust pressure is very large, 
roughly 1000 B.t.u. per pound, the evaporation of a small amount of 
water results in a very considerable reduction of the mean temperature 
of the cylinder walls, and consequently in an increase in the cylinder 
condensation when the steam is admitted. 

When superheated steam is used there is less moisture in the exhaust 
steam, and partly because of this, partly because of the slow rate of heat 
transfer between superheated steam and metal, and partly because the 
incoming superheated steam can give up heat without condensing, the 
cylinder condensation is reduced, and the economy of the engine is 

6 See report of test, Carpenter, Trans. A.S.M.E., Vol. XVI. Also Thurston, 
A.S.M.E., Vol. XVIII. 
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improved. Thus by sacrificing superheat to heat the cylinder walls, 
less heat is required at the boiler for evaporating the water and for 
superheating the steam used. It is even possible to superheat suffi- 
ciently high to prevent all initial condensation. 

In experiments by Ripper’ on a small steam engine, it was found 
that 7; deg. fahr. of superheat would prevent one per cent of cylinder 
condensation. The specific heat of superheated steam under the test 
conditions is about 0.53, hence the amount of heat used in preventing 
1 per cent of condensation was (73 X 0.53) = 4.0 B.t.u. per pound 
of steam. For larger engines and other conditions from 15 to 25 deg. 
fahr. superheat, or from 8 to 12 B.t.u. per pound, are needed to effect one 
per cent saving of condensation.® 

In the ideal engine the use of superheated steam was shown to 
increase the cycle efficiency only a small amount, but by using sufficient 
superheat to overcome cylinder condensation the engine efficiency 
is very materially increased. Naturally, the saving to be expected by 
superheating is dependent upon the amount of cylinder condensation 
that would occur in the same engine if no superheat were used. Evi- 
dently the greater this condensation, the larger is the saving possible. 
Ordinarily the steam consumption is reduced about 6 per cent with 
50 deg. fahr. and about 9 per cent with 100 deg. fahr. superheat. A 
reduction of 15 per cent is frequent and as much as 40 per cent has 
been attained. 

It is found that with high temperatures of superheat there is difficulty 
from warping of cylinder and valves and from failure of lubricants 
unless they are of the highest grade. A total temperature of 600 deg. 
fahr. is about as high as can be used to advantage in ordinary steam 
engines. Cylinders and valves for higher temperatures should be 
specially designed for the service. Above 750 deg. fahr. there is diffi- 
culty in finding materials that will endure the temperature for long 
periods of time. 

(i) Steam jackets are sometimes used to reduce cylinder condensa- 
tion, and in such cases the cylinders are surrounded by “ live ” steam 
(usually at high and constant temperature). Their walls are main- 
tained at higher mean temperature and have less temperature fluctua- 
tion than in the ordinary cylinder, consequently there is less cylinder 
condensation. The heat received by the cylinder wall from the “ jacket: 
steam ”’ is the latent heat freed by the condensation of a portion of this 


7 Superheated Steam Engine Trials, Proc. Inst. C. E. (London), Vol. CX XVIII. 
8 Wor data and references see Mechanical Engineering Handbooks, and Geb- 
hardt’s “Steam Power Plant Enginecring.” 
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steam, assuming that the jacket steam ® is not superheated. If the 
jacket steam is at the same temperature as that entering the cylinder, 
the mean temperature of the walls will be but little below that cf the 
entering steam, hence the condensation will be small. 

At first it may appear that the weight of cylinder condensation thus 
avoided cannot be more than the steam simultaneously condensed in 
the jacket, in cases where the condition of the steam entering both the 
cylinder and the jacket is the same. Because of this, and because the 
jacket has radiating surface which is larger, and which is maintained 
at a higher mean temperature, than in the case of the ordinary cylinder, 
it would seem that no advantage is possible from the use of a steam 
jacket. 

That the steam jacket is beneficial is largely due to the fact that, 
with its use, the amount of moisture evaporated from the inner walls 
of the cylinder during exhaust is greatly reduced, thus less heat is 
abstracted from these walls by the exhaust steam and less steam is 
used in the cylinder. It has been seen that one pound of moisture 
evaporated from the cylinder walls carries away roughly 1000 B.t.u. 
from which there is no return. In the case of the jacket, however, the 
condensate formed in the jacket can be returned directly to the boiler, 
and, as it is at boiler pressure and temperature, it will carry back from 
250 to 300 B.t.u. per pound. Thus the net result with the steam jacket 
may be a gain in economy. 

In considering the performance of a jacketed engine the heat sup- 
plied to the jacket steam must be considered. 

As most of the cylinder condensation occurs in the clearance space, 
this is the most important part of the cylinder to jacket. It might be 
desirable to jacket the piston, that is, circulate steam through it, but 
practical difficulties usually prevent this.1° As there is probably no 
advantage in having the exhaust steam superheated, the temperature 
of the jacket steam should usually not be much higher than that of the 
steam entering the cylinder. This applies especially in the case of the 
low-pressure cylinders in multiple-expansion engines. 

(j) Reheating receivers are often used in multiple-expansion engines 
to reduce the cylinder condensation. These have “live steam ” in 
tubes or coils of pipe, around which the steam passes on its way from 
one cylinder to the next. As the steam in the coils is at relatively high 


° In some engines using superheated steam the cyiinder feed passes through the 
jacket. A typical engine of this kind will be shown in Sect. 252. 

10'The Prosser engine has the piston, piston rod and cylinder very completely 
jacketed. For description and test see ‘‘ Mechanical Engineering,” April, 1925. 
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temperature, it superheats (or reheats) the receiver steam, provided 
the moisture has been properly separated from this latter. 

The presence of moisture in the working substance defeats the 
purpose of the reheating receiver. This moisture should be removed 
before the steam reaches the reheater, for it can be evaporated to better 
advantage in the boiler. 

The action of the reheating coils is similar to that of the steam 
jacket; and the heat surrendered by the condensation of steam in the 
coils of pipe is to be charged against the engine. 

(k) Cylinders are always “lagged” with some non-conducting 
material such as asbestos, mineral wool, magnesia, etc., to reduce the 
radiation. Some small compound ‘‘ Lokomobile ”’ 1! engines, which 
have phenomenal economy, are so arranged that the cylinders are sur- 
rounded by the furnace gases as they pass to the stack. 

(1) It is of course evident that the higher the rotative speed (or 
the greater the frequency of cycles), the less will be the cylinder con- 
densation, because the entering steam is exposed a shorter time to the 
cylinder walls. For example the high-speed Corliss engines use less 
steam than the low-speed engines of that type, under the same condi- 
tions. There are other considerations, however, which place limits 
on the speeds of rotation that can be used. 

There is a special type of engine, the “ Uniflow,’”’ in which the 
cylinder condensation is extremely small. Its importance is such that 
it will be considered separately in Sect. 232. 

231. Operating Engines Condensing and Non-Condensing. (2) 
In previous chapters it has been shown that by reducing the exhaust 
pressure, the amount of work that is obtainable from a unit weight 
of steam in passing through an ideal engine is made greater. 

(b) In the actual simple engine of the usual type the reduction of the 
exhaust pressure below atmospheric may not always be commercially 
desirable. This is true because the engine efficiency may be decreased 
through cylinder condensation by a sufficient amount to offset the 
improvement in cycle efficiency resulting from the lower exhaust pres- 
sure and temperature. Furthermore, the extra cost of the condenser 
and its auxiliaries may be sufficient to overcome the saving in steam that 
might be effected by operating condensing. 

(c) The indicated power of the simple engine on the other hand 
is very materially increased by using a low exhaust pressure. This 
is shown by the relative areas of the indicator diagrams represented in 
Fig. 208. The installation of a condenser, with a simple engine that 


1 Herr EB. Josse in Zeitschrift des Vereins deutscher Ingenieure, Sept. 12, 1908. 
Also see report of test of a Wolf engine (London), Engineering, Oct. 8, 1909. 
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has been operating non-condensing, may give sufficient additional 
power to carry the extra load that may have developed after the 
original installation. For such cases, however, the purchase of a low- 
pressure exhaust turbine and condenser might be the best solution. 

(d) With compound engines, and with the uniflow engine which will 
be considered in the next section, the condenser is nearly always used 
since cylinder condensation is relatively small with these types and their 
thermal economy is therefore much improved by 
reducing their back pressure. There is also a 
decided advantage in having hot clean water fed to 
the boiler, and this may be accomplished by the 
use of the condensate which has been freed from 
oil. In general, it may be said that the reciprocat- 

Fic. 208. ing engine is not able to utilize the available energy 

of low pressure steam as well as the turbine, and 

therefore the exhaust pressure is not usually reduced to such very low 
values as are now common with the latter. 

232. Uniflow Engine. (a) This type of engine was invented ? in 
1885 by T. J. Todd of England but remained undeveloped until 1908 
when Professor Stumpf, of Charlottenburg University, succeeded in 
making it a highly perfected prime mover.!* Since that time others have 
modified it to suit special conditions so that it is now widely used for a 
variety of purposes. 

(b) The unusual features of the engine may be noticed by referring 
to Fig. 209. The piston is of the box type having a length equal to 
about 90 per cent of the stroke; and when near the end of its movement 
it uncovers the exhaust ports located around the middle of the cylinder, 
thus taking the place of the exhaust valve. By having the exhaust 
all pass out through these central ports, the admission ends of the cylin- 
der and the clearance surfaces are not cooled by the outflowing steam, 
as they are in the usual ‘‘ counter-flow ” type of engine. Furthermore, 
by reducing the time during which exhaust occurs, the amount of cylin- 
der condensation is still further decreased. The exhaust period may 
be kept very short without causing any appreciable increase in the back 
pressure because the area of the exhaust ports is relatively large. Another 
means of preventing (or reducing) cylinder condensation on these engines 
is the use of the steam jackets on the heads and part of the walls of these 
cylinders. Also the clearance is kept extremely small, the compression 
ratio is very large, and highly superheated steam is commonly used. 


12 See ‘The Uniflow Engine,” by F. B. Perry, Proceedings of Inst. Mechanical 
Engineers (British), July, 1920, p. 731. 
18 See Professor Stumpf’s book, ‘‘The Uniflow Steam Engine.” 
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All these factors combine to minimize the cylinder condensation or to 
eliminate it altogether, even though the engine be run condensing with 
a high ratio of expansion. 
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Fig. 209.—The Uniflow Engine. 


(c) The admission valves shown in Fig. 209 are of the double-beat 
poppet type, but other kinds are also often adopted. The poppet type 
allows highly superheated steam to be used and the double beat feature 
permits a smaller lift to be employed for a given area of opening. The 
piston functions as the exhaust valve, as already 
noted. 

(d) The zndicator diagrams from each end of 
the cylinder of a condensing engine will be similar 
to those shown by (a) and (6) in Fig. 209. The 
compression must necessarily begin very early 
because it is controlled by the closing of the ex- 
haust ports by the piston. 

If the engine is run non-condensing with the 
large compression ratio that is used with the con- 
densing type, the compression pressure is likely to go much higher than 
the admission pressure, as shown by the dotted line 67 in Fig. 210. 
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This would be very undesirable, and consequently the uniflow type of 
engine is built in a variety of ways to take care of this feature in 
case it becomes necessary to run the engine non-condensing. Thus, 
extra clearance is often introduced by means of a special valve that 
opens automatically when the compression pressure exceeds the ad- 
mission pressure. Sometimes some of the compression steam is by- 
passed to the other side of the piston, and in certain engines small 
auxiliary exhaust valves are employed. 

(e) The sizes of uniflow engines that are in use vary widely. There 
are large numbers of them under 500 horsepower, and many above 
1000. Recently a 30,000 horsepower uniflow was built.14 

(f) The chief advantages of the uniflow engine are: 


(1) The thermal efficiency is high because the cylinder condensation 
is small, and because the mechanical efficiency is large even 
though a high ratio of expansion is used. 

(2) The indicated steam rate at three-quarter load is only slightly 
more than at full load; and at 25 per cent overload, and also at 
half load, it is only about 5 per cent greater. 

(3) The engine itself, its floor space and foundation are much less 
costly than for the compound engine of the same economy. 

(4) It is s¢mpler to operate and less expensive to maintain than is the 
compound of the same economy. 


233. The Still Engine. (a) In 1919 Mr. W. J. Still of England first 
gave to the public the results of his extensive research on the develop- 
ment of the engine that bears his name. This prime mover consists 
of an internal combustion motor and a steam engine combined in such a 
way as to use a single cylinder and piston in common and produce a 
marked improvement in thermal efficiency. The part above the piston 
is the internal combustion engine while that below is a single-acting 
steam engine which receives vapor produced by heat from the cylinder 
walls and from the gases exhausted from the upper part. 

(b) This combination gives the following beneficial results: 


(1) The temperature of the exterior wall of the cylinder is kept 
uniform because the Jacket cooling medium enters (as water) 
and leaves (as steam) at the same temperature, its value 
being fixed by the pressure maintained in the jacket. 

(2) The exhaust gases give up a large amount of heat to the water 
used in forming the steam, the exhaust temperature being 
reduced to 200 deg. fahr. or less. 


“See “Power Plant Engineering,” July 1, 1926; also “Power,” 1925, p. 122. 
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(3) The steam side of the engine operates without loss from cylinder 
condensation because the piston and walls are at a higher 
temperature than the steam. 

(4) The piston is efficiently cooled by the steam. 

(5) The mechanical efficiency, flexibility, and overload capacity of 
the combination are improved over those of the internal 
combustion engine operating alone. 

(6) The Still engine is reversible, and this feature makes it of special 
importance in marine work. 

(7) The brake thermal efficiency is very high, tests showing values 
from 35 to 40 per cent. 

(c) The engine is more complicated, and will probably cost more 
than either a steam or internal combustion engine of the same capacity, 
but its greater thermal efficiency may cause it to become widely used 
in cases where fuel cost is of major importance. There have been pub- 
lished many articles describing the engine and giving test results, and 
these should be consulted for more detailed information.!° 


234. Classification and Types of Steam Engines. (a) Owing to 
the great variety of designs and to the diversity of uses to which steam 
engines are put, it is impossible to give any one classification that would 
be satisfactory in all cases. The usual commercial types of stationary 
engines are often classified in three groups,—“ high-speed,” ‘‘ medium- 
speed,” and “ low-speed ” engines. By “ speed ” is meant the rotative 
speed, when used in this connection. 

High-Speed Engines are those which have high rotative speeds 
accompanied by strokes which are very short when compared to the 
diameter of the cylinder, the piston speed being generally in the neigh- 
borhood of 600 feet per minute.!® The stroke is usually about equal to 
the diameter of the cylinder. These engines almost always have a 
single “ balanced” valve and a “shaft”? governor. They are often 
called “‘ short-stroke engines,’ and are designed to occupy the smallest 
space, have the least weight, and to be ‘‘direct connected” tothe smallest 
dynamo, for a given power, of any of the stationary commercial types. 
This class includes only engines of comparatively small power, the 
cylinders usually not being made larger than 20 inches in diameter. 
Fig. 211 shows a center-crank engine of this type. 


15 Some of these are: The Still Engine, by Capt. F. D. Acland, Jour. Royal Soe. 
of Arts (London), May, 1919; abstracted in “The Engineer,” 1919, and in the 
S. A. E. Journal, June, 1920. The Scott-Still Marine Oil Engine, ‘The Engineer,” 
1923, pp. 556-592; and also ‘Engineering,’ Nov., 1923, pp. 639-640. Marine Oil- 
engine Trials (Scott-Still Engine), Engineering, April 17, 1925, pp. 485-487. 

16 For definition of “ piston speed ”’ see Sect. 169(e). 
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Low-Speed Engines have long strokes (from 2 to 4 times the diam- 
eter of the cylinder) and usually operate at less than 120 r.p.m., the speed 
being limited by the valve gear, the action of which becomes unreliable 


Fic. 211.—Center-Crank Engine with Inertia Type of Governor. (The engine is 
mounted on a cast-iron subbasc.) 


at higher speeds. This class includes engines having the “ Corliss ”’ 
and other types of “ trip cut-off gear.’’ The governor is usually of the 
“ fly-ball ” type. An engine of this kind is illustrated in Fig. 212. 


Fie. 212.—Low-speed Engine with Corliss Valve Gear. Direct Connected to an 
Electric Generator. 
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Medium-Speed Engines have rotative speeds and strokes inter- 
mediate between the foregoing. Positively driven multiple valves are 
generally used. The cut-off is positive and is often effected by a sep- 
arate valve. The governor is nearly always of the ‘“ shaft type.” 
The piston speed is around 600 feet per minute, being higher on the larger 
engines. The engine shown in Fig. 213 is of this type. 


Fic. 213.—Medium-speed Engine—Shaft Governor—Positive Cut-off. 


The medium- and low-speed engines are usually of larger power than 
the high-speed. 

There is no sharp dividing line between these different types, and 
it is sometimes difficult to decide in which class an engine belongs. 


YF | = ye 
iw 
Fia. 214.—Vertical Corliss Fig. 215.—Vertical Twin-cylinder, 
Engine. Single-acting Engine. 


(b) Vertical Engines (Figs. 214 and 215) occupy less floor space, have 
smaller foundations, less cylinder wear, and slightly greater mechanical 
efficiency, than do horizontal engines. When large, they are more dif- 
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ficult to erect, and caring for them involves more effort, as certain parts 
are reached only by ladders. 

In some special instances engines have been constructed with axes 
inclined with the horizontal. 

(c) Single-acting Engines (lig. 215) give half as much power as 
do double-acting ones with the same diameter and stroke of piston, con- 
sequently a larger engine is required for a given output. They use 
pistons of the bucket, or trunk, type, and have no piston rod, therefore | 
they are shorter than the double-acting engines. 

(d) Reciprocating Engines are so called because they have pistons 
that reciprocate within the cylinder. They are the most common, 
although engines with rotary pistons would appar- 
ently be more desirable. Many unsuccessful at- 
tempts have been made to devise an engine of the 
latter form. © The difficulty les in the production 
of a machine that is economical in the use of steam 
after the parts have become worn. Prior to 1902 

Fra. 216.—Rotary there were issued over 2000 patents on Rotary 

Engine. Engines, and none have yet been able to compete 

with the reciprocating engine as regards steam 

economy. When small size and low first cost are more important than 

the amount of steam required, they may be used to advantage. 
Fig. 216 shows one of the simplest engines of this type. 

In some instances Oscillating Engines, such as that shown in Fig. 
217, have been used. The connecting rod and crosshead are dispensed 
with and the shaft is-thereby brought closer to 
the cylinder. Steam is admitted through one 
trunnion and exhausted through the other. This 
causes a side thrust, for which proper provision 
must be made. When the cylinder reaches its 
extreme position, its inertia causes great pressure 
to exist between the stuffing box and the piston 
rod, and these parts must be designed to resist 
this force. 

(e) Fig. 218 shows two horizontal ‘‘ side- 
crank engines’? that have the disadvantage of 
using a separate outer bearing which must be Fie. 217.—Oscillating 
aligned with the main bearing. They possess the Engine. 
advantage that there are only two bearings to be 
kept in alignment even when the engine is direct-connected to an 
electric generator, as in Fig. 212. 

A horizontal side-crank engine is said to be right-hand in arrange- 
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ment when an observer, standing at the end of the cylinder (at S in 
Fig. 218) and facing the crank, finds the valve gear and governor parts 
are to his right; otherwise the engine is ‘“ left-hand.” 

A horizontal engine is said to be running over if the crank pin is 
receding from the cylinder when the crank is above the horizontal 
center line of the 
engine; otherwise it 
“runs under” (see 
Pigen cis). lf 1a 
double-acting engine 
“runs over” the 
crosshead will exert 
downward pressure 
on the guides during 
both strokes; hence 
engines are usually 
operated in this man- 
ner. 


‘hil 


R.H. Engine 
L.H..Engine 


(f) Fig.219 shows yg. 218.—Side-crank Engine—Right Hand and Left 
a Center-crank En- Hand—Running Over and Running Under. 


gine.—In this type 
the crank is located between the two main bearings, BB, and the belt- 
and fly-wheels are overhung. If small, these engines may be shipped 
assembled, ready to be mounted on their foundations. If direct- 
connected to an electric generator, the latter is substituted for the 
belt wheel and an out-board bearing is 
mo added. There are then three bearings to 
i be kept in line, which is a disadvantage, 
as very accurate adjustment of them is 
required. 
nl Tn many engines the crank case and 
Fie. 219.—Center-crank — erosshead-guide chamber are inclosed so as 
ree to be dustproof and prevent the throwing 
and waste of oil (see Figs. 211 and 215). 
Some inclosed engines are arranged to be self-oiling as regards the 
crosshead, connecting rod, and main bearing. In these cases oil is 
maintained at such a level in the bottom cf the crank case that the 
crank disk dips into it, and while rotating throws the oil into the cross- 
head and into collecting pockets from which it is fed to the bearings. 
The oil then automatically drains back to the crank case and is used 
repeatedly without being purified. 
Other inclosed engines are provided with forced or gravity oil- 
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feeding systems, in which the lubricant is filtered each time before 


reusing. 


(g) Compound engines have their cylinders arranged in many 


different ways. 


If the two pistons are on the same piston rod, as in Fig. 220, the 


engine is called a Tan- 
dem Compound. Such 
an engine occupies no 
greater width than a 
simple engine of the 
same power and_ type, 
but has greater length. 
A vertical engine of 
this type (‘‘ steeple com- 
pound’”’) occupies the 
same floor space as the 


Fic. 220.—Tandem-compound Cylinders. equivalent simple en- 


Hither the high- 
frame. 


gine. 
or low-pressure cylinder may be placed next to the 
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WY) 


Sin Any 
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Fig. 221.—Cross-compound Engine. 


If the cylinders are side by side, as in Fig. 221, the engine is called 


a Cross-compound. 


This engine occupies greater width than the 


tandem-compound, but its length is about the same as that of the simple 
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engine. As it has two frames, and as other parts are duplicated, it is 
more expensive than the tandem; but because the cranks may be set 
at right angles it is possible to obtain greater uniformity of turning 
effort than with simple or tandem engines, and therefore a smaller 
flywheel can be used. 

In some cases, with this arrangement of cylinders the cranks are 
placed diametrically opposite (180 degrees apart), but the turning 
effort is then about as variable as with the single-crank engine. 

The arrangement of engine known as the Angle-Compound, shown 
in Fig. 222, occupies the same floor space as a simple engine, has the 
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Fig. 222.—Angle-compound Engine. 


uniformity of crank effort obtained with cranks at 90 degrees (for in 
this case the connecting rods are at 90 degrees and are attached to the 
same crank pin), and is easily counterbalanced. 

In triple- and quadruple-expansion engines the cylinders are arranged 
in various ways and, looking at the end of the shaft, there may be 
various sequences with which the cranks pass a given point. The 
arrangement of cylinders and the sequence and angle between cranks 
have a predominating influence on the counterbalancing of such engines, 
as will be seen later when the subject of counterbalancing is discussed. 

(h) Engines are used for a great variety of purposes, and are often 
referred to by their use; thus there are marine engines (Fig. 223), 
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hoisting engines, pumping engines, rolling-mill engines, air-compressor 
engines, steam-hammer engines, etc. 

Engines are also classified as stationary, portable, semiportable, and 
mobile (marine, locomotive, traction, road roller, and automotive 
engines). 

The uses to which some engines are put require that they be capable 
of being reversed. This is true of marine engines, some rolling-mill 
engines, hoisting engines, traction engines, etc. They are called 
“reversing engines’ and have special valve gears, either of the “link ”’ 
or ‘‘ radial ”’ types, which will be discussed later. 

235. Conventional Diagram for Simple Engines.—(a) If the actual 
indicator diagram has been obtained from an engine, the mean effective 
pressure may be determined by any of the methods discussed in Sect. 
96, and the indicated horsepower of the engine may be obtained by 
using Eq. (130). In making such computation for a double-acting 
engine, however, the area of the piston rod must be deducted from the 
area of the piston on one side, and the average of the areas on the two 
sides of the piston must be used in the formula; or better the power 
for each side of the piston must be computed separately. 

When actual indicator diagrams are not available, it is customary 
to use a conventional diagram, with proper correction factor, for esti- 
mating the probable mean effective pressure. 

(b) Before the conventional diagrams can be drawn, however, 
the clearance volume in the cylinder must be known or estimated for an 
engine that is being designed. For one already built this volume can 
be determined by pouring a measured quantity of water into the 
clearance space. It can also be found very roughly from the actual 
indicator diagram in the following manner (shown in Fig. 224): Select 
two points 1 and 2 on the expansion line 
and draw a rectangle with these points 
as corners and with the sides parallel to 
the respective PV-axes. Then, the diag- 
onal through the other corners will cut 
the V-axis at the origin O, assuming that 

Fra. 224. the expansion equation is PV =constant. 

Then Cl in the figure is the clearance 

volume to scale. The compression curve may be used in a similar 

manner to find O. This makes application of the construction shown 
in Fig. 49. 

The clearance of an engine from which the actual diagram is avail- 
able may be estimated more accurately by using Clayton’s method.!7 

17 See Sect. 229. 
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By assuming different values of the clearance and then plotting the 
logarithmic diagram for each assumed value the correct clearance is 
found by trial and error to be one that gives straight lines for the expan- 
sion and compression curves. 

The clearance volumes used in practice are about as follows: 


Single-valve engines. ces .4. 9 Piss Sree ek = oe 5 to 15% 
Multi-valve engities: <4 cone. en ee x ee 2to 8% 


(c) In constructing conventional diagrams for estimating the 
probable power of an engine, it is customary to assume that expansion 
follows the equation PV = constant. This is because the equi- 
lateral hyperbola is sufficiently accurate for most purposes, is easier 
to construct than the polytropic curve with n other than unity, and 
because the actual value of this exponent may not be known. 

The work (A) represented by the area (Fig. 225) under such an 
expansion line is readily found in the following manner: 


V2 V2 
A = if PaV = Ps { — 
V1 V1 


Ve : 
Te PiV i log. 7, <a ee oe 
1 


= P,V, log. 


y 


where 7 is the ratio of expansion (7). In Fig. 226 r is Ms 
1 b 


(d) In the case of an engine without clearance the conventional 
diagram is abcde of Fig. 226. The work shown by area A; is PiV, 


URS 


WHIINNS 


Fig. 226. 


foot-pounds, and that represented by Ae is PiV, log.r. Hence if 
the back pressure is P2, the work shown by the conventional diagram 
abcde is 


PiVi + PiVi log. r — P2V2 = Pub2, 
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in which P,, is the mean effective pressure in pounds per square foot. 
Solving this equation for P,, gives 


Pee p> 8." ne 7 


As the mean effective pressure is generally used in pounds per square 
inch, it is more convenient to divide both sides of this equation by 144, 
giving 

(305) 


E 


1 log, 
Py = pi] 8) — 


The values of the bracketed quantity for different values of r are 
given in Table XIII. 


TABLE. XJII 

1+ log. r 1 + log. r 1 + loger 

r Ii ie nae Tr ee 
r r r 

1.0 1.000 6.0 0.465 16.0 0.236 
ae 0.937 7.0 0.421 17.0 0.226 
2.0 0.847 8.0 0.385 18.0 0.216 
225 0.766 9.0 0.355 19.0 0.208 
3.0 0.700 10.0 0.330 20.0 0.200 
16) 0.644 10 0.309 21.0 0.192 
4.0 0.597 12.0 0.290 22.0 0.186 
4.5 0.556 13.0 0.274 23.0 0.180 
ID 0.522 14.0 0.260 24.0 0.174 
5.0 0.492 15.0 0.247 25.0 0.169 


(e) The actual indicator diagram of course differs from the com- 
puted one drawn by this method. The ratio of the area of the actual 
to that of the conventional diagram is called the ‘‘ Diagram Factor ” 
(DF). Then if the diagram factor is known for engines similar to that 
which is being considered, the probable mean effective pressure for the 
new engine is 

De EGO rare ig hee eas a (O00) 


It is a somewhat common practice to use Eq. (305) even for engines 


which have clearance, and to substitute ( ) for r, thus 


cut-off ratio 
ignoring the clearance. 

The diagram factors to be used for different types of engines in such 
cases are given in the following table: 
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TABLE XIV.—DIAGRAM FACTORS 


Simple slide-valve engine...............:....... 55 to 90% 
Siioaj ots Oba ReUCuNdINO,, agck anandcesogo dee oad sc 85 to 90% 
Compound slide-valve engine.................. 55 to 80% 
Compound Conlissienrviney eee eee 75 to 85% 
iiriple-expansionen givess sneer eee 55 to 70% 


(f) The conventional diagram for an engine with clearance is 
shown by abcde in Fig. 227. Here the ratio of expansion is 


Pabst Lede a) eee Cle 


using scalar distances to represent volumes. 
The net work shown by the area is 


A =Ai+ Az — Az 


= Pil + Pid. + I) log.r — Pel 


ke ------ k------— > 


lie, BATE 


Dividing by L and by 144 gives the mean effective pressure for this case 
as follows: 


A L+ (I. + l) log. r 
Pm = 1441 = pi iB = UR Ge oc (308a) 
To simplify this expression, let C = : = cut-off ratio, and i= c 


= clearance ratio; then 
Pu = pal G + (e +.C) log.) =p: 7. 3 2 0sb) 


The diagram factors for this case are 3 or 4 per cent larger than those 
given in Table XIV. If desired additional corrections for compression 
and throttling can be made. 


236. Conventional Diagrams for Multiple-Expansion Engines.—(a) 
By referring to Fig. 206 on which diagrams of both the high-pressure and 
the low-pressure cylinders of a compound engine are drawn to the same 
scale, it will be seen that if the dividing line at Tp is omitted there results 
a single indicator diagram of area equal to the sum of the areas H.P. 
and L.P.; thus, neglecting throttling, leakage, friction and cylinder 
condensation, a simple engine of the same size as the low-pressure 
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cylinder (total volume = V2) would give the same amount of power 
as is obtained with the two cylinders of the compound engine. 

Evidently, then, to calculate the i.hp. of the compound engine, it is 
only necessary to consider the mean effective pressure of this simple 
(or “‘ combined ”’) diagram as acting on the low-pressure piston, and 
then to use the proper diagram factor. The i-hp. of triple- and quad- 
ruple-expansion engines can be computed in a similar manner. 

The mean effective pressure of the combined diagram is usually called 
the “ m.e.p. referred to the low-pressure cylinder,’ or more briefly the 
‘‘ referred m.e.p.” (Pnz). Its probable value for an actual engine can 
be computed by using the proper diagram factor with Eq. (805). 

(b) If it is desired to estimate the size of a compound engine that 
will give a specified amount of power, the referred m.e.p. is first com- 
puted; then with the stroke, L (feet), and number n of cycles per minute 
selected, the area of the low-pressure piston in square inches to give 
any i.hp. can be computed from 


__ ithp. x 33,000 
Dar OFX Lexy 


in which DF is the diagram factor (see Table XIV). 

Then with the ratio R of low-pressure cylinder volume to that of the 
high-pressure cylinder known, the area of the high-pressure piston is of 
course 1/Rth of the low-pressure area if the strokes are equal. 

The size of the cylinders in triple- and quadruple-expansion engines 
is found in similar manner. The cylinder ratios to be used are found in 
Section 240. 

(c) The diagrams of multiple-expansion engines will now be con- 
sidered more in detail, and to facilitate the discussion the engines will 
be divided into two groups: (1) the Woolf type, without receivers; and 
(2) engines with receivers. 

237. Diagrams of Woolf Type of Engine.—(a) The compound engine 
was patented in 1781 by Jonathan Hornblower, but Watt’s broad pat- 
ents on expansion steam engines delayed its use. In 1804, Woolf rein- 
troduced the compound engine and used an arrangement in which the 
steam was exhausted from the high-pressure cylinder, directly through 
very short passages to the low-pressure cylinder. Because there is little 
or no receiver volume or storage volume between the cylinders in such 
an engine, it is necessary for the pistons to start and finish their strokes 
together, and the low-pressure cylinder must receive steam throughout its 
entire stroke from the high-pressure cylinder. If the steam were cut off 
in the low-pressure cylinder, there would be no place into which the high- 
pressure steam could be exhausted during the remainder of the stroke 


(309) 


ay 
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after this cut-off had occurred. The pistons may move together or in 
opposite directions. 

(b) Fig. 228 (a) shows a Woolf engine whose pistons move syn- 
chronously and in the same direction. This motion would result if 
both piston rods were connected to the same end of a “ walking beam ” 
or to cranks set together. In Fig. 228 (6) the indicator diagram H is 
for the head end of the high-pressure 

cylinder and ZL is for the crank end 
of the low-pressure cylinder, clearance 
volume being neglected in both cases. 
In operation, steam is admitted to the 
high-pressure cylinder according to 
line abc; it is cut off at c; is expand- 
ed along cd; and it is exhausted from 
‘the high-pressure cylinder along line 
da. This steam exhausted from the 
high-pressure cylinder is received by 
the low-pressure cylinder along the 
line A BC and is then exhausted along 
Fig. 228. line CDA. BC and da will be called 
hereafter the line of transference or 
receiver line. In Fig. 228 (6) the indicator diagrams of both cylinders 
have the same length, that is, the abscissas are piston positions, and are 
numbered to correspond with the positions shown in Fig. 228 (a). 

In (c) of this figure, the diagrams have been ‘‘ combined,” with 
abscissas representing the respective volumes in the two cylinders. In 
(d@) the diagrams have been combined in such a way that the volume of 
the steam during transference from the first to the second cylinder can 
be scaled directly. Thus, when the pistons have reached simultaneous 
positions 2 and 2’ the distance 0’—2’ (= ox) is the volume of steam in the 
high-pressure cylinder, the distance 4-2 (= 0X) is the volume it 
occupies in the low-pressure cylinder, and distance 2’/-2 (= Xz) is 
the total volume of the steam between the two pistons for this position 
in the stroke. Obviously, the distances between piston positions bear- 
ing like numbers in this figure represent the volumes of steam during 
the period of transference. After these volumes have been determined 
(by scaling), the pressures at the corresponding piston positions can be 
found if the expansion is assumed to be hyperbolic, for during expan- 
sions cd, da, and BC the product PV remains constant, since there is no 
change in the quantity of steam involved during these processes. 
Thus the high- and low-pressure PV-diagrams can be readily con- 
structed. 
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238. Diagrams for Engines with Infinite Receivers and No Clear- 
ance (General).—(a) If a receiver of infinite volume is placed between 
the cylinders of the Woolf engine the curves da and BC, in Fig. 228, 
would become horizontal straight lines, and the low-pressure indicator 
diagram would be a rectangle. Evidently, with finite receiver, the larger 
the receiver volume the more nearly horizontal and straight will the line 
of transference become. 

With a receiver of considerable volume into which the high-pressure 
cylinder can exhaust, it is possible to ‘“ cut off”? in the low-pressure 
cylinder and thus to expand the steam independently in this cylinder. 
The pressure in the receiver will vary, because part of the time steam is 
being received from the high-pressure cylinder, at other times steam is 
being delivered to the low-pressure cylinder, and during part of the cycle 
both of these operations may occur simultaneously. Consequently 
the back-pressure line on the H.P. indicator diagram and the admission 
line of the L.P. diagram will be irregular. The character of the line of 
transference will be discussed in detail later. 

(b) When a receiver of considerable volume is used it is possible to 
have any angle between the cranks of the two cylinders, whereas in 
the Woolf engine this angle is limited to zero 
degrees, or 180 degrees in cases where there is a 
separate crank for each cylinder. 

(c) In Fig. 229, AbcD is a conventional “‘com- a 
bined ” diagram for a compound engine with 
receiver of infinite volume. In it, AD is the 
volume of the low-pressure cylinder, ad is that Fra. 229. 
of the high-pressure cylinder, bc is the volume 
of steam admitted to the high-pressure cylinder, and BC is that at the 
time of cut-off in the low-pressure cylinder. Then 


“ = ry = ratio of expansion in the high-pressure cylinder; 


AD 


= rz, = ratio of expansion in the low-pressure cylinder; 


ron ea 
oa = rr = total ratio of expansion. 


Since, if hyperbolic expansion is assumed, 
p-(be) = pa(ad), 
the receiver pressure is therfore 
tats “) lyr uae ppan mats. (310) 
“\ad rH 


for the case in which the expansion is complete in both cylinders. 
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(d) It is evident that the horizontal transfer line obtained with 
a receiver of infinite volume would correspond to the mean transfer 
pressure if a receiver of finite volume is used, and that indicator dia- 
erams drawn with this horizontal transfer line would have practically 
the same areas as with the variable line of the small receiver. Hence 
these diagrams may not only be used for the engine as a whole but also 
when each cylinder is considered separately. 

(e) Changing the low-pressure cut-off to make it occur earlier 
results (1) in raising the receiver line, as shown dotted in Fig. 229, 
(2) in a reduction of the area of the high-pressure diagram and (3) an 
increase in the area of the low-pressure diagram. Making the low- 
pressure cut-off later reverses these results. Thus the cut-off in the 
low-pressure cylinder influences the receiver pressure and distribution 
of work between the cylinders, but does not affect the total work 
done by the engine. 

(f) The selection of the receiver pressure is based on the following 
considerations: 

(1) For greatest economy in the use of steam the temperature ranges 
in the two cylinders should probably be equal, although this is not 
certain. Hence the receiver pressure should probably be such that the 
corresponding temperature of the steam is midway between the initial 
and final temperatures of the working fluid. Other considerations may 
be more important than this, however. 

(2) It is sometimes desirable to have the same cut-off (that is, the 
same expansion ratios) in both cylinders. For example, in the 
tandem-compound engine shown in Fig. 220, the two valves are 
on the same rod, hence the cut-offs in the two cylinders must change 
together. 

(3) Usually it is desirable to have equal work done in the two cylin- 
ders. In this case the receiver line should be so drawn that the areas 
of the high-pressure and low-pressure diagrams are equal. This is 
especially desirable when the engine is a cross compound. 

(4) In some special cases, equal maximum thrusts on the piston 
rods are desirable, and these thrusts are dependent on the receiver 
pressure. 

(5) The uniformity in turning effort is dependent on the shape 
and relative proportions of the indicator diagrams of the two cylinders, 
and hence is dependent on the receiver pressure. 

Usually compound engines are operated to perform equal work 
in the two cylinders, and this gives about as uniform a crank effort as 
is possible, and hence, considerations (3) and (5) are satisfied together 
with sufficient accuracy for ordinary purposes. 
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239. Receiver Pressures in Compound Engines with Infinite 
Receivers and No Clearance.—(a) It has just been seen that the dis- 
tribution of work among the cylinders depends on the receiver pressures, 
hence the problem is one of determining the mean receiver pressures 
which will give the desired distribution. The receiver pressure may 
be determined either graphically or analytically, using the conventional 
diagram; but only the former method will be considered here. The 
receiver volume will be assumed infinzte and the clearance zero. 

Let pi, pz, and V2 in Fig. 230 be given, and assume a terminal 
pressure pp such as will give the drop (DE) in pressure due to incomplete 
expansion. With these data available, the combined PV-diagram, 
AbcDE, can be easily drawn and.its work area can be determined. 
If the high-pressure cylinder is to do 1/nth of the total work, the area 
H will be 1/nth of the total area. The problem then is to find the 
location of line ad which will give this distribution of work. The line 
ad can be drawn tentatively and then the area above it can be inte- 
grated by planimeter to see if it has the proper value. If it is not 
correct, another position of ad can be tested, and by repeated trials a 
proper receiver line can be obtained by this “ cut and try ” method. 
This same method can be used when the H.P expansion is incomplete 
(i.e., when the toe of the H.P. diagram is removed) as in Fig. 231, and 
can also be applied to multiple-expansion engines with any number of 
expansion cylinders (whether with or without clearance). 


EGS 


In Figs. 230 and 231, Vz is the volume of the high-pressure cylinder, 
and the corresponding mean effective pressure acting in the high- 
pressure cylinder is 


area H obs Ll 
Pmt = ae xX scale of ordinates. . . . . (311) 


Similarly the L.P. mean effective pressure is 


area L 


Put = TenpthiVa X scale of ordinates. . . . . (812) 
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The total m.e.p. “ referred ’’ to the low-pressure cylinder is 


_ area (H + L) 
Ni length Vz 


X scale of ordinates. . . (313) 


(b) By removing the toe from the H.P. diagram, as in Fig. 231, the 
ae 


high-pressure cylinder is decreased in volume in the ratio BC and the 
; cost of the engine is consequently reduced. On 
: account of this saving, and because the expansion 
should not be to a pressure lower than that which 
2, . is sufficient to overcome the engine friction, most 
f compound engines are operated with the drop de 
bs at release in the high-pressure cylinder. 
f, The same method is applicable when the ex- 
Fie. 232. pansion takes place in more than two cylinders, 


as is indicated in Fig. 232. 


240. Cylinder and Expansion Ratios Used in Multiple-Expansion 
Engines.—(a) In general the greater the total range of pressures in the 
engine the larger should be the cylinder ratio and the expansion ratio. 
Thus high-pressure engines have larger ratios than low-pressure engines, 
and those condensing have greater ratios than those which operate non- 
condensing. Practice varies widely and only the average values can 
be given here. 

(b) Modern compound engines usually operate with steam pressures 
between 125 pounds and 175 pounds per sq. in. gage. In many in- 
stances, however, much higher and lower values have been used. Sta- 
tionary engines of this type usually have cut-offs in the high-pressure 
cylinders between 0.25 and 0.4 of the stroke under normal load. With 
late cut-off a smaller engine can be used for a given power than with 
early cut-off; but the consequent saving in “ first cost ’’ of engine may 
be more than balanced by loss in efficiency and greater cost of operation. 
Cylinder ratios customarily used are about as follows: 


CYLINDER Ratios ror ComMpouND ENGINES 


Cy linderiratlonee teeter 24 34 4 4t 
Gage pressure, noncondensing... 100 120 
Gage pressure, condensing...... ... 100 120 150 


Dividing the cylinder ratio by the H.P. cut-off fraction (0.25 to 
0.4) gives the total ratio of expansion. What the best cylinder and 
expansion ratios are, is still under discussion. Some advocate cylinder 
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ratios even as large as 6 or 7 and remarkable economies have been 
obtained with such.}8 

(c) The ratio of expansion is sometimes fixed by first assuming 
the pressure drop at release. If this drop is added to the L.P. exhaust 
pressure, the pressure (pp in Fig. 231) at release is obtained. Then, 
considering the expansion to be hyperbolic, the total ratio of expansion 
for the conventional diagram is 


Ps oR ao kee. Seal Oa) 


which is approximated more or less closely in the actual case. If the 
expansion ratio (ry) in the high-pressure cylinder is then selected, the 
cylinder ratio is 


Pep eee as ok Ler ea LO) 


After the receiver pressure, which will give the proper distribution 
of work between the cylinders, has been determined, the drop in pres- 
sure at H.P. release should be checked. 

(d) Modern ftriple-expansion engines usually operate with steam 
pressures from 150 to 200 pounds per sq. in. gage or even higher. The 
pressure at L.P. release in condensing marine engines is commonly 
about 15 pounds per square inch absolute under normal load, and in 
stationary engines it is about half this value. As before, the total 
expansion ratio (r7) can be found approximately by dividing the initial 
pressure by the L.P. release pressure (considering the expansion to be 
hyperbolic); or it can be obtained from economy curves of similar 
engines operating under similar conditions, when ratios have been used 
as abscissas. 

The H.P. cut-off in marine engines is usually from 0.55 to 0.7 of the 
stroke and in stationary engines is much earlier. The H.P. expansion 
ratio (rz) is the reciprocal of this cut-off ratio (neglecting clearance). 
With rr and ry known, the volume ratio of high-pressure to low-pressure 
cylinder is R = a If the strokes are equal, as is almost invariably the 
case, the ratio of piston areas will be the same as the volume ratio. 


18 r = 6.25 Cross-compound Corliss. “Am. Electrician,” June, 1903. 

rp = 7.3 Fleming Four-valve. Trans. A.S.M.E., Vol. XXV, page 212. 

rp = 6.4 Tandem-compound Corliss—Barrus’ Engine Tests, page 185. 

rp = 6.2 Edison Waterside Station, New York. “Power,” July, 1904, 
page 424. Also see papers in Trans. A.S.M.E. 
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If the conventional diagrams of the various cylinders have sharp 
toes, the work will be equally distributed among the cylinders if the 


cylinder volumes (or piston areas) are such that 4 = - (in which the 


letters refer to the high-, intermediate-, and low-pressure cylinder 
volumes, or areas). In such a case the intermediate cylinder volume 
(or piston area) is found from 


I=VdH XL. 


In the actual case, because of departure of the real indicator dia- 
grams from the conventional and because of cylinder condensation, 
cushion steam, etc., the intermediate-pressure cylinder is made a little 
smaller than this equation would give. Seaton states that in marine 
practice !9 the intermediate cylinder volume (or piston area) is about 
as given by the following equation: 


_VHXL 


: ata! 


(316) 


Marine triple-expansion engines are proportioned about as follows: 


InitialipressUresays arena eect 165 175 195 
IRVCH IO) JOUNORIaRA tn oe bes ea Maga 2.33 2.4 2.54 
IVA ORRUOME mite etra mera te sere 6.6 a0 7.8 
Total expansion ratio............ LUO Tui 13.0 


241. Effects of Changing the Cut-offs in the Respective Cylinders of 
Multiple-expansion Engines.—(a) In ‘‘ regulating” the engine to 
make the power output equal to the demand, the steam distribution to 
the cylinders can be varied in several ways. 

(b) It has already been shown that the effect of making the L.P. 
cut-off occur later in the stroke (other things remaining the same) is (1) 
to lower the receiver pressure, (2) to increase the H.P. work, (3) to 
decrease the L.P. work; and vice versa. But (4) such change does not 
affect the total work of the engine if the toes of the diagrams are not lost, 
hence the engine cannot be regulated by changing merely the L.P. 
cut-off. 

(c) If the L.P. cut-off is fixed, and the H.P. cut-off is made to 
occur later, there results (1) an increase in the receiver pressure (Fig. 
233), (2) a greater increase in the L.P. work than in the H.P. work 
because the increased receiver pressure offsets the extra work that 
would otherwise be obtained from the H.P. cylinder with its later cut- 


19See Seaton’s ‘Manual of Marine Engineering;’’ Seaton and Rounthwaite’s 
“Pocket Book of Marine Engineering,” or any other text book on marine engineering. 


EFFECTS OF CHANGING THE CUT-OFFS 411 


off. Making H.P. cut-off occur earlier produces the reverse effects. 
Compound engines can be regulated by having an automatic governor 
control only the cut-off in the high-pressure cylinder. But in such case, 
if there is much change in the load on the engine, the L.P. cut-off should 
be adjusted by hand to equalize the distribution of the load between the 
cylinders. 

(d) If the initial, receiver, and exhaust pressure lines on a PV- 
diagram for a compound engine are extended from one hyperbolic expan- 
sion line to another, as from cD to c’D’ in Fig. 234 (a), it will be found (1) 


ae 233. Fig. 234. 


that the expansion ratios in the cylinders remain unchanged; and that, 
in consequence, (2) the proportionate distribution of work between the 
cylinders also remains the same. 

In Fig. 234 (b) it is seen that the high and low cylinder volumes 
(Vy and V;) are such that the expansion lines cd and CD in the two 
cylinders are complete and continuous. If the cylinder volumes are 
related thus, and if the cut-offs are advanced proportionately (so that 
c'd’ and C’D’ are on the same hyperbola), the distribution of work can 
be shown to be in the same proportion as in the case of complete expan- 
sion just discussed; and further (from this), 
that (3) the toe areas (Xy and X,) lost will 
be in this same proportion. These same state- 
ments are also true in case the cut-offs are 
decreased proportionately as in Fig. 235. In 
this figure, however, it is seen that the diagrams 
have ‘‘loops” Xz and X,, which represent 
negative work. Evidently the cut-off should not 
be earlier than c, if good economy is important. 

With such arrangement the automatic gov- Fig. 235. 
ernor can be made to change the cut-off equally 
in the two cylinders and the proper balance of work will be always 
automatically maintained. The tandem-compound engine in Fig. 220 
is an example of this case. 
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If the L.P. toe loss is greater than the siiailar H.P. loss, it can be 
shown that to maintain the same relative balance of power between the 
cylinders, the L.P. cut-off must vary more rapidly than the H.P. cut- 
off; thus as the power is increased the receiver pressure must be raised. 

(e) If the cut-offs (or expansion ratios) in the two cylinders remain 
constant, the power of the engine may be decreased by throttling the 
steam, and in this case the distribution of power between the cylinders 
remains in substantially the same proportion. In other words, the 
effect of throttling is substantially equivalent to changing the pressure 
scale of the diagram. 

(f) Because of the efiect of clearance, ‘‘ wire drawing,” cylinder 
condensation, etc., the real diagrams differ greatly from the conven- 
tional ones, hence the conclusions just given can be used only in a very 
general sense in actual cases. 

242. The Actual Combined Indicator Diagrams of Multiple-expan- 
sion Engines. (a) The actual indicator diagrams depart considerably 
from the conventional. This is partly because of wire drawing during 
flow of steam through valves, receivers, and piping, partly because of 
condensation or reevaporation in cylinders, receiver, and piping, partly 
from radiation and similar losses, partly because the real expansion line 
is not hyperbolic, and may also be slightly due to the withdrawal of 
the condensate collecting in “ separating ”’ receivers. 

i Given eee actual vndicator diagrams obtained from the engine, 
Wels DeAea as h and J in Fig. 


Use (i) 236, they can be 
readily ‘‘ combined,” 
\ Seta as shown by H and 
ose ms { »  L,if the cylinder and 
| 1 I 
= > le, It clearance volumes 
oe fi are 3 are known. 


The areas of dia- 
3 grams H and L can 
a then be found and 
the “referred m.e.p.” 


usual manner. 


; ees After this, the ac- 
Fia. 236. tual diagram factor 


can be obtained by 

getting the ratio of these quantities to the area of the conventional 
diagram. 

(c) In Fig. 236 the saturation curves, SS and S’S’, have been drawn. 
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As the weights of cushion steam in the two cylinders are not the same, 
and because the condensate has been removed from the receiver in this 
case, there are unequal weights of steam in the two cylinders during the 
respective expansions, consequently the saturation line S'S’ lies to the 
left of SS. 

Fig. 236 also shows the quality curves x, and x, which are obtained, 
after the saturation lines have been drawn, by the same method that 
was described for simple engines. 

243. Applications and Performance of Steam Engines. (a) Recipro- 
cating steam engines are made for use in many different fields of 
work in which the requirements vary widely. Thus in some steel mill 
engines the ability to reverse quickly combined with enormous torque 
when turning slowly in either direction is essential. The locomotive 
engine must also possess both of these features but also combined with 
mobility. On the other hand, in large pumping engines the chief require- 
ments are reliability and thermal economy, because these engines must 
be kept in operation almost continuously. The reciprocating engine 
is well adapted for driving directly or indirectly (as by belt) machinery 
that must operate at low speeds. For driving high speed electric gen- 
erators, centrifugal pumps and centrifugal compressors, it is not so well 
suited as the steam turbine, because the latter has a more uniform 
torque and runs at a more appropriate speed in many cases. The lower 
speed of the engine also makes it occupy a larger floor space than the 
turbine. 

(b) The first cost of an engine is an item of importance in all cases, 
but, as with most engineering equipment, this usually varies inversely 
with its operating cost. In general it may be expected that the steam 
engine that is selected because of its simplicity and low first cost will 
not have a very high thermal efficiency, and yet such an engine may be 
the proper one to install for certain purposes. Small engines that 
actually run only a small portion of the hours in a year, such as those 
on steam shovels, derricks, and cranes, are good illustrations of this 
type. Other examples are engines that are used primarily for their 
convenience or suitability, the thermal economy being of secondary 
importance, and those from which the exhaust steam can be applied to 
some useful purpose. 

The kind of service needed from an engine, combined with its man- 
ufacturing cost, will usually be the deciding factors in its design. The 
great variety of valves and the speed regulating mechanisms used on 
both turbines and reciprocating engines will be treated later in special 
chapters. 

(c) The method of governing reciprocating engines is either by (1) 
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throttling the steam before admission to the cylinder, (2) varying the 
point of cut-off, or (3) combining (1) and (2). 

Engines that are governed by throttling have a fixed cut-off that takes 
place sufficiently late in the stroke to meet, with the full steam pressure, 
the greatest possible load that may occur; hence the expansion of the 
steam after cut-off is relatively small, which has an influence on the 
thermal efficiency. Also, the throttling necessary with the smaller 
demands for power reduces the available energy of the steam, as was 
shown in Sect. 206; thus the thermal economy under light loads, of 
engines governed by this method is comparatively poor. These losses 
are slightly offset by a reduction in the cylinder condensation, which is 
brought about in several ways. It is apparent from Fig. 178 that the 
throttling increases the quality of the steam and decreases its tem- 
perature, and thus the cylinder condensation is somewhat reduced. 

As the pressure at cut-off becomes lower the loss due to incomplete 
expansion is also lessened. As a result of all of these factors it has been 
found by tests of steam engines operating with constant cut-off, and with 
the speed held constant by throttling, that the total steam consump- 
tion per unit of time is almost directly proportional to the indicated 
horse power. Assuming that this holds exactly there results a straight- 
line relationship as is indicated by the line ab in Fig. 237, which is com- 
monly called the Willans Law. When two points on this line, or one 
point and the slope, are given, the line can at once be drawn. ‘Then, 
dividing ordinates by corresponding abscissas gives the simultaneous 
values of the steam rate, and these values can be used for plotting the 
rate curve (i). 

For some greater ratio of expansion, resulting from an earlier 
cut-off, less steam is used for a given output, hence for such cases the 
curves a’b’ and c’d’ in Fig. 237 would lie below the others. 

(d) When the engine is governed by varying the cut-off, the steam 
rate curve resembles efg in Fig. 238, the reasons for which were made 
clear in Sect. 230 (f). To this figure has been added the curve cd of 
Fig. 237, the point d of course coinciding with g. Thus it is seen that 
cut-off governing gives better steam economy than throttle governing 
except at the maximum load. 

The product of abscissas by ordinates gives the total steam consump- 
tion, plotting which gives the curved line hij as the curve of total steanr 
consumption (TC) for cut-off governing. Evidently point 7, where a line 
drawn from O becomes tangent to hj, determines the abscissa for the 
lowest steam rate,—for that point has the smallest ratio of ordinate to 
abscissa. 

(e) The y-intercept Oy of the TC-curve represents the weight of 
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steam that would be used to overcome the losses from condensation, 
leakage, and radiation, assuming that they remain the same even 
though the engine is not running, i.e., though the i-hp. is zero. 

Curves similar to those in Figs. 237 and 238 might have energy con- 
sumption as ordinates; and m.e.p., cut-off, ratio of expansion, or d.hp. 
may be used as abscissas. When abscissas are d.hp., then the y-intercept 
represents the consumption due to engine friction in addition to the other 
losses mentioned in the preceding paragraph. 

(f) If, in Fig. 238, OO’ is the ihp. used in overcoming the engine 
friction, then O’Y’ is the axis from which the d.hp. is measured. If 
the engine friction is assumed constant for all loads (which is not strictly 
true), the curve TC in the figure, with origin at O’, gives the total con- 
sumption for the d.hp. developed. The corresponding curve e’f’g’ 
of the steam rate per d.hp-hr. will of course lie above efg, and the 
lowest point f’ will be farther from 0 than f. Evidently, on the basis of 


delivered power, the best economy in this case occurs when the i.hp. 
equals Ok’ (corresponding to a d.hp. of O’k’), and this should be the 
power which the engine normally develops (‘‘ Normal Power ’’) if steam 
economy is of prime importance. This should then be the rated power, 
or power at which the engine is rated to operate normaliy. When the 
i.hp. developed is either more or less than this, the engine has poorer 
economy. 

(g) For the best thermal economy the ratio of the actual load to the 
rated load should be unity; and, since it is better to overload than to 
underload a steam engine (see Fig. 238), a load that is a certain amount 
above the rated value is preferable to one the same amount below. 
There are, however, other considerations which may make it financially 
more profitable to rate the engine at output other than that giving best 
thermal economy, and to operate with some load other than the 
rated one. 

In many instances, the average load of a power plant as a whole is 
low, but in such cases it is customary, when possible, to have several 
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engines and to place in commission such a number as will cause those in 
service to operate under the most economical conditions. Some engines 
give a much flatter steam rate curve than others and this factor may be 
of the utmost importance in the final selection. The uniflow engine 
gives a very flat economy curve as indicated in Sect. 232 (e). 

(h) Curves of steam consumption for an engine are only useful in 
determining the best conditions of operation for that particular engine 
and for comparing it with others that operate under similar conditions. 
When the conditions are widely different the steam rates should not be 
compared directly as a means of determining their relative thermal 
economies. The thermal efficiencies,?° or the energy consumptions per 
unit of output, and the engine efficiencies °° are the only true measures 
by which the thermal performance of one engine may, in general, be 
compared with that of another. 

(i) The actual values of thermal efficiencies and of engine efficiencies 
cover a very wide range, due to the use of the great variety of steam 
pressures, temperatures, and exhaust pressures, and because the means 
of preventing the losses due to incomplete expansion, leakage, radia- 
tion and friction, are not all equally effective. The best reciprocating 
engines and the best steam turbines, have engine efficiencies referred to 
the Rankine, of more than 80 per cent while the cheaper and smaller 
ones of both types may not be much over one-half of this value.?! 

20 See Sects. 205, 207, and 209, for method of calculating these efficiencies. 


*1The Am. Soc. of Mech. Engrs. has prepared a Code on the Testing of Re- 
ciprocating Engines. 


CHAPTER XX 
STEAM TURBINES—GENERAL 


244. Introductory.—The purpose of this chapter is to describe very 
briefly the general types and methods of operation of the more common 
forms of steam turbines, and to show how the thermodynamic principles 
which are given in the preceding chapters may be applied to such units. 
A more detailed discussion of turbines, the flow of steam, nozzles and 
other parts, velocity diagrams, losses, performance, etc., will be deferred 
to subsequent chapters. A brief history of the development of steam 
turbines is given in Sects. 19 and 26. 

245. Turbine Principles.—(a) Steam turbines are broadly divided 
into the following classes: (1) impulse, (2) reaction, and (3) combina- 
tion. In impulse turbines the steam Steam In 
expands through stationary nozzles Nozzle \ 
and acts on blades on the rims of 
rotating discs, as in the Branca 
turbine in Fig. 3 (page 17). The AN \\ i \ 5082 
simple elements of the first com- Nine \\\\ Wea, Steam 
mercially successful impulse turbine, a - eh 
that developed by deLaval, are Turbine 
shown in Fig. 239. In the pure 
reaction turbine the steam expands ( m= Shroud Ring 
through rotating nozzles, or their a “w 
equivalent, ec ne me Fig. 239.—Simple Impulse Elements 
Fig. 2 (page 17), and the reaction (aelawals 
of the issuing jet causes the motion 
of the nozzles and parts to which they are attached. Modern turbines 
generally employ neither pure impulse nor pure reaction, but use a com- 
bination of both. In so-called “‘ impulse ”’ turbines the expansion of the 
steam takes place wholly in nozzles that are stationary, none occurring 
between the rotating blades; in “ reaction”? machines the steam ex- 
pands through or between rotating elements. The ‘‘ combination” type 
of turbine is one which has several stages and does not use the same 
method of operation in all. There are many other ways of classifying 
turbines, but they will not be considered at this point. 

417 
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(b) The thermodynamic problem encountered in the ideal steam tur- 
bine is centered in the nozzle, where all the transformation of heat into 
kinetic energy should occur. Nozzle design will be considered in a later 
chapter. For the present purposes it is only necessary to know that 
mechanical energy can be developed within a turbine through the 
utilization of the “ available energy ” of the steam, which in the ideal 
case would have isentropic expansion. After this conversion in the 
nozzle the problem becomes a dynamic one, namely, to use this kinetic 
energy for the production of power. The nozzles and blades are so ar- 
ranged as to avcid turbulence as much as possible. 

(c) The velocity diagrams used in designing the blades, or buckets, of 
the steam turbine are similar in many respects to those used for water 
turbines. But, despite this resemblance, the problems of design and 
construction in the former differ greatly from those in the latter. This 
is principally because, in the steam turbine, (1) the jet velocities 
are enormously greater (in some cases they exceed 3500 feet per 
second, or 41 miles per minute), (2) the bucket speeds are very much 
higher, (3) the working substance is elastic and tends to expand as fully 
as the surrounding media will allow, and (4) the kinetic energy of the 
jet is obtained primarily from heat conveyed by the working substance 
and little, or none, from gravity head. 

(d) The steam turbine differs as much from the steam engine as to 
its mechanism and method of operation as does the water turbine. 
Although both of these steam-actuated prime movers use the available 
energy of the steam, the turbine utilizes it by means of the kinetic 
energy of the steam jet, whereas in the steam engine the transformation 
is brought about by the controlled expansion within the cylinder. 

(e) In turbines, there is a certain definite ratio, called the ‘ velocity 
ratio,” of bucket velocity to jet velocity that will give the best steam 
economy in any given case. In practice, however, if the full expansion 
from initial to final pressure takes place in a single set of nozzles, the 
ideal bucket velocity, with a single row of blades, is usually greater than 
the structure of the rotor will stand, because of the enormous stresses 
produced by high rotative speeds. Also, these speeds commonly pro- 
hibit the direct connection of the driven machinery to the turbine shaft. 
Hence, with this arrangement, it is generally necessary to adopt. lower 
bucket velocities than those which would give the highest economy, and 
also to use gearing of some kind between the turbine and the machine 
it drives. ‘This difficulty may be overcome by “ staging.”’ 

246. Pressure Staging —(a) In order to obtain lower jet and bucket 
velocities, most turbines are of the “‘ multi-stage ” type in one kind of 
whick “ pressure staging ” is used. Fig. 240 shows diagrammatically an 
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impulse turbine of the latter type. In such turbines each stage by itself 
constitutes a simple turbine, in the nozzle of which the steam expands 
through a small range and therefore acquires relatively low velocity. 
The stages are usually arranged in series with diaphragms between 
and with all rotors mounted on the same shaft. 

In Fig. 240 the sections of the turbine casing and the diaphragms 
are shown by crosshatching, and the nozzle and turbine wheel sections 
are black. Steam enters at the left, expands through the first nozzle 
(or ring of nozzles) Ny, in which it 
acquires a relatively low velocity, 
and discharges so as to act properly 
on the buckets on the wheel in the 
first-stage casing, in which the pres- 
sure is but little lower than the 
initial. The steam then expands 
through the nozzle (or ring of noz- 
zles) Ne in the diaphragm between Fre, 240. 
the first and second stages, and acts 
on the buckets of the wheel in the second chamber, where the steam 
pressure is somewhat lower than it is in the first. In similar manner 
the process is continued in a third stage; and so on in other stages until 
the exhaust pressure is reached in the last one. Small turbines may 
have two or three pressure stages and large ones twenty or more. 

(b) Multi-stage impulse turbines with nozzles and blades arranged 
as in Fig. 240, are commonly said to be of the Rateau type, being named 
after the originator who developed this arrangement in 1897. They 
are also sometimes called the “ Zoelly”’ type, after another inventor. 
As will be seen later, the pressure stages may have other arrangements of 
blades and nozzles, and such turbines are given other names. All 
commercial reaction turbines of necessity use pressure staging. 

(c) The nozzles in all the stages of multi-stage turbines must all 
deliver simultaneously the same weight of working substance per second.! 
They may be designed to do this with equal velocities, in which case the 
bucket velocities in all stages would be the same and the mean diam- 
eters of the wheels would be equal; or the jet velocities may be varied 
and the bucket velocities and wheel diameters be made to correspond. 

As the steam traverses the turbine it expands by increments in the 
successive nozzles, and increases in volume, hence the nozzle areas must 
increase in like manner through the series, as is illustrated in Fig. 240. 

By properly proportioning the cross-sectional areas of the inlet and 
outlet nozzles of any stage, the designer can fix at any desired value the 

1 Except for turbines from which steam is extracted from certain stages. 
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pressure that will be maintained in that stage for a given rate of steam 
flow. When there are many nozzles used in a stage they are usually 
made rectangular in cross-section, are curved, and are arranged closely 
together, with thin partitions between them, as in Fig. 241. 


247. Velocity Staging.—(a) In some designs of impulse turbines 
the so-called “‘ Velocity Staging’ or “‘ Compounding ”’ is used. In this 
case, the “ velocity ratio” is 
less than the ideal value for 
a simple impulse element, and, 
in consequence, the steam has 
a rather high velocity as it 
Diaphrazm leaves the row of blades on 
dda Which the jet from the nozzle 

Fic. 241.—Curtis Staging. ‘ impinges. However, by using 

a row of stationary blades, S 

in Fig. 241, the steam can be redirected so as to act on a second row of 
rotating blades, M2, which can absorb much of the kinetic energy that is 
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still available; and the process could be continued, if desired, with 
other pairs of stationary and rotating blades. Usually, however, it 
is not economical thermodynamically or commercially to use velocity- 
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compounding more than once. The arrangement described is generally 
called a Curtis stage, after its inventor. 

Multi-stage turbines may have Curtis velocity-compounding in each 
of the pressure stages, or only in the first ones, the others having either 
simple impulse or reaction elements. Such a turbine is of the “ 
bination ” type. The prin- 
cipal elements of a Curtis- 
Rateau turbine are shown 
in Fig. 242, in which the 
parts are labeled. 

(b) Velocity - compound- 
ing can also be accomplished 
with a single row of rotating 
buckets. In one arrange- 
ment the steam is conducted 
in a serpentine path so as to 
act repeatedly on the same 
blades, as indicated in Fig. Fig. 243. 

243. This is known as the 
re-entry type of turbine. As the velocity becomes reduced the trans- 
verse areas of the guide passages must be increased in the manner 


com- 


Gicnonare illustrated. In an- 

OEE. ea other arrangement 

the steam is con- 

a b Whee ¢ ducted in a helical 
Fia. 244. path as in Fig. 244. 


Many small turbines 
having a single pressure stage employ one or the other of these simple 
methods as a means of reducing their rotative speeds. 

248. The Reaction Turbine. (a) When economical performance is 
important, the reaction turbine is necessarily always made multi-stage, 
the reasons for which will be given in a later section. However, in order 
to obtain a clear conception of the principles of the reaction element, the 
single stage arrangement will first be considered. Fig. 245 shows an 
arrangement similar to Hero’s, the black portion a showing the rotat- 
ing nozzles through which the pressure drops from P; to Pz. Another 
simple reaction turbine is shown in Fig. 246 with blades mounted on 
the periphery of a dise which is arranged to rotate about the axis XX. 
It is seen that the space b between these blades has the same form as 
the nozzle a in Fig. 245, hence, there are as many rotating nozzles in 
this case as there are spaces between blades. 

In this arrangement, which effects compactness with high capacity, 
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there is a ‘‘ full peripheral discharge ” of steam around the entire cir- 
cumference, and it is important to note that there is a difference between 
the pressures P; and P2 on the two sides of the disc, a condition contrary 
to that present in the impulse type of turbine. 


Fia. 245. ; Fic. 246. 


(b) Fig. 247 may be used to show certain elements of the modern 
type of reaction turbine. Between the casing and the tips of the 
blades on the drum, there is necessarily a radial clearance space, and 
because of the inequality between the pressures P; and P2 leakage 
occurs through this space. This clearance is of course always made the 
minimum practicable. The relative amount of leakage is evidently 
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dependent on the ratio of this annular space to the passage area between 
blades; thus, the longer the blades are, the less the leakage, with the 
same clearance. If the peripheral diameter is decreased, not only is 
the annular space reduced, but the blades must be lengthened to main- 
tain the same passage area between them; hence there is a twofold 
reduction in the leakage accompanying such change. 

(c) It is apparent that the difference between pressures P; and P2 
in Fig. 246 causes an end thrust on the shaft. The same is true of the 
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arrangement in Fig. 247. This thrust may be resisted (1) by the thrust 
bearing T' in this figure; or (2) by the balance piston B, which presents 
to the pressures P; and P2 areas equal to those exposed by the blades 
and drum end; or (3) by using a ‘‘ double-flow ” arrangement of drum 
wherein there are similar rows of blades having discharges which are 
equal but opposite in direction and hence give opposite end thrusts; 
or (4) by using a combination of the foregoing. In any case there must 
be a thrust bearing to maintain the rotor in its proper position. 

(d) The leakage between the piston B and the shell is usually 
reduced by employing mating collars, as in Fig. 247, or rings which 
form a “labyrinth passage ’’ which becomes more or less sealed by the 
moisture present in the vapor. Where the shaft passes through the 
casing the leakage is counteracted by similar labyrinth packings, or by 
packing rings, or by water seals. 

(e) The so-called multi-stage ‘‘ reaction” turbine, invented by 
Parsons, besides having the rotating reaction blades similar to those in 
Fig. 247, has stationary guide blades which act as nozzles, the jets from 
which impinge on the rotating blades. Hence such turbines combine the 
impulse and the reaction principles, 
although commercially known as “ re- 
action ’’ turbines. 

Fig. 248 shows such an arrange- 
ment, S and M being respectively 
stationary and moving blades. It is ie 
seen that not only is there leakage at wv 
the tips Li of the moving blades, but S M S 
also at the ends Lz of the stationary Z 
ones. These turbines have many 
stages, with stationary and rotating 
blades alternating. The steam expands 
through the passages between the 
stationary blades as through nozzles. 
The action of the steam on the mov- 
ing blades is twofold: (1) The direc- 
tion of the jet is changed, and if no 
other action took place the conditions 
would be the same as in the impulse 
element; and (2) the steam expands while passing through the moving 
blades and acquires velocity, so that when discharged rearwards 
there is a reaction effect on the blade. The residual velocity of 
the jet leaving the rotating blade is redirected and increased by 
the next stationary blades, then discharged against the next row 
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of moving blades, and so on from one end of the turbine to the 
other. 
As the bucket velocities used are relatively low, and as the ideal 
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“velocity ratios” are large, it is necessary to have small pressure 
drops per stage, hence a large number of stages must be used. Reaction 
turbines are not usually made in sizes below 300 kw. 
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One arrangement which is typical of a medium size reaction turbine 
is shown in Fig. 249, with the more important parts labeled. Many 
of the smaller turbines are of the “ combination type,” using a Curtis 
element followed by reaction stages. Large reaction turbines are often 
made “ double-flow ”’ or “‘ semi-double-flow”’; and very large ones are 
sometimes “‘ cross-compounded,” having separate shaft for the high and 
low pressure elements. These arrangements will be treated later. 


249. Special Forms of Steam Turbines.—<As the primary patents on 
the various arrangements of nozzles and blades have expired, manu- 
facturers are now at liberty to use any type, or any combination, 
which will give the best thermodynamic and commercial results for the 
conditions under which a turbine must operate. Hence there are a 
great variety of arrangements used. 

The structure of a turbine is of such form that the design can be 
easily modified to meet special conditions. Thus the casing can be 
provided with outlets, as in Fig. 242, for bleeding steam from one or 
more stages to use in a regenerative cycle (discussed in Sect. 216), or 
for heating buildings, or for industrial applications. Such a machine is 
called a Bleeder, or Extraction Turbine. When the demand for bled 
steam is variable, but at constant pressure, the turbine can be equipped 
with a device to effect the necessary regulation automatically. If all the 
steam is continuously bled at a high pressure, the low-pressure elements 
may be omitted. Such a machine is a Back-pressure Turbine. 

Sometimes the turbine is designed to use only low-pressure steam 
which may be received from a high-pressure engine, or from industrial 
processes, etc. In this case it is known as a Low-pressure Turbine. 
As turbines are more economical than reciprocating engines in the use 
of steam at low pressures, this application is often a desirable one when 
the cost of the equipment involved is not prohibitive. In some cases, 
the supply of steam to such a turbine may be intermittent or fluctuating, 
and it may then be necessary to use ‘‘ live steam ’’ during these periods 
of deficiency. For such conditions a Mixed-pressure Turbine applies. 
This machine has a high-pressure element which is added to the low- 
pressure one, but which is normally not used. The change from low- 
to high-pressure operation, or vice versa, may be effected automatically 
by means of a suitable regulating device. When the periods of defi- 
ciency are short, Steam Regenerators or Accumulators may be used 
with a low-pressure turbine, as will be discussed in a later chapter. 

A turbine can be easily constructed to provide for the withdrawal of 
steam for its reheating before use in the subsequent stages, in which 
case it is a Reheating Turbine. Occasionally two or more of the special 
provisions mentioned are combined in the same turbine; thus, there are 
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reheating-regenerative? turbines, combined bleeder and mixed pressure 
arrangements, etc. 

250. The Performance of Steam Turbines.—(a) Without going 
into details as to how the available energy of the steam is transferred 
into mechanical energy within a turbine, the unit may be considered 
thermodynamically as a whole, and its overall performance may be 
determined and compared with that of the corresponding ideal engine 
cycle, the analysis of which has already been discussed. Later it will 
be seen that each stage of a multi-stage turbine can be analyzed inde- 
pendently as a turbine by itself, the whole unit being considered as com- 
posed of a series of these elements. 

(b) As the steam passes continuously and with extreme rapidity 
through the turbine, in one direction, and is always in contact with 
surfaces that are at its own temperature, and that are of relatively small 
area, nothing equivalent to cylinder condensation occurs within the tur- 
bine. The principal losses, in addition to the ones in the ideal machine, 
are those due to imperfect expansion of the steam through the nozzles; 
leakage; improper action of the jet on the blades; friction that occurs be- 
tween the fluid and the guiding surfaces of the nozzles and blades; the 
“windage” or “rotational” loss due to the rotation of the discs, drums 
and blades in the more or less stagnant vapor; the exit velocity; and 
energy lost in mechanical 
friction and in driving oil 
pumps and the governing 
mechanism. 

(c) With small turbines 
it is usually either not pos- 
sible, or else inexpedient, to 
use the ratio of bucket 
speed to jet velocity that 

gives the maximum efficien- 

Oi Rs eee a ar cy; or to use the high rota- 
Fic.250.—Combined Engine Efficiency of Turbine- tive speeds, or large number 
generator Units of Various Sizes. of stages, that would be 
required to obtain the best 

economy. Hence the engine and thermal efficiencies of these small units 
are generally much poorer than those of the larger turbines which can be 
designed to conform more closely to the ideal conditions. The effect of 
size on the engine efficiency of the combined turbine-generator units 
which are operated without bleeding or reheating, is indicated in Fig. 250. 


Engine Efficiency 
a 
i=] 


25000 30000 


2 The reheating and the reheating-regenerative cycles are discussed in Sects. 219 
to 212 incl. 
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Large units of the latest designs, using high superheat, and reheating, 
have efficiencies considerably higher than those shown in the figure, 
some exceeding 80 per cent. For a fixed throttle temperature, the 
engine efficiencies are generally lower for turbines having high initial 
steam pressures and extreme vacuums than when these quantities are 
smaller; but, nevertheless, the thermal efficiency under the former 
conditions may be better than for the latter, because the increase in 
cycle efficiency may be greater in proportion than the reduction in 
engine efficiency. 

(d) The energy used, in B.t.u. per kw-hr. delivered by turbine-gener- 
ators, ranges from 9006 to 14,000 in the larger turbines, to 40,000 or more 
in the smaller ones, the corresponding thermal efficiencies being roughly 
from 38 to 24 per cent in the former, and 8 per cent in the latter. 

(e) Typical performance curves for a turbine-generator are shown 
in Fig. 251, in which the portion to the right of 00’ is for overload con- 
ditions. It is seen that 
the curve of total steam 
consumption (7'C-curve) 
to the left of OO’ is sub- 
stantially a straight line; 
and this is a character- 
istic of such curves for 
practically all types of 
turbines when operating 
without overloading. If © 
this 7’C-curve is extend- 
ed to intersect the Y-axis, 
the intercept (Yo) repre- Load in kilowatts 
sents the steam required Fra. 251. 
to operate the turbine 
when delivering no power. It isthe amount needed to overcome the 
friction of the turbine and the windage, that required for driving the 
governor, oil pumps, etc., and that for meeting the losses due to turbu- 
lence, leakage and radiation under no-load conditions. 

The steam-rate curve (R), or curve of steam used per kilowatt hour, 
is also shown in Fig. 251. If the T’C-curve passed through the origin, 
as it would in the ideal case, the R-curve would be a horizontal straight 
line, and the steam-rate of the turbine would be the same at all loads. 
The greater the Y-intercept of the 7’C-curve the more curvature does 
the R-curve have, and the greater are the relative consumptions of 
steam under light loads. Obviously the best economy is obtained when 
the turbine is operated at a load corresponding to O’. When wide 


—— 
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fluctuations of load may occur, a flat steam-rate curve is especially 
desirable. 

The curve of engine efficiency shown in the figure is based on the 
available energy from the steam having its initial state as it is in the 
actual pipe line just before it reaches the throttle valve. Thus this 
efficiency includes the losses entailed by the throttling of the steam by 
the governor valve, which is the principal reason for the decrease of this 
efficiency when the turbine output is diminished. 

Many turbines have an auxiliary “ overload valve’ which admits an 
extra quantity of steam to the turbine to meet emergency overloads. 
When this valve opens the performance curves change character, as 
shown by the dotted portions to the right of O00’. = 

(f) The energy stream shown at the bottom of Plate V in the 
Appendix is typical of a modern steam turbine. Just as in the case of 
the reciprocating engine (see Sect. 226 (h)), the magnitude of the 
various losses are expressed in terms of the energy, /,, supplied to 
the turbine and also in terms of the available energy £,. 

The American Society of Mechanical Engineers: has prepared a 
Power Test Code for Steam Turbines. Further discussion of the 
design, construction and performance of various types of turbines will 
be given in greater deta‘! in Part II. 
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PROBLEMS 
CHAPTER I 


1. Find the number of B.t.u. equivalent to 33,000 ft-lb. Ans. 42.42. 

2. Assume yourself called upon to investigate the claims made for a piece of 
mechanism with the following characteristics. It receives no energy of any kind 
excepting that given it by a driving belt which supplies 7.5 hp. It is claimed that 
the mechanism gives out or makes available 400 B.t.u. per minute. Would you 
make the investigation? Why? 


3. (a) What is the largest amount of energy in B.t.u. which the mechanism oper- 
ating as in problem 2 could make available per minute neglecting friction, radiation, 
conduction and similar losses. (b) Could it do this in practice? Why? 

Ans. (a) 318. 

4. Ina certain waterfall, the water drops perpendicularly 1000 ft. Assuming the 
specific heat of water is unity and neglecting evaporation and all losses of heat, 
what would be the rise in temperature of the falling water after striking the rocks 
at the bottom? Ans. 1.29° F. 

5. A winch is used in lowering a load of two tons a vertical distance of 50 ft. 
The load is lowered by means of a friction brake which prevents the attainment of 
too high a speed and which brings the load to rest just as it reaches the end of the 
50-ft. drop. It takes one minute to lower the load. (a) Neglecting friction of bear- 
ings and similar losses, how much heat must be radiated by the mechanism of the 
brake and winch? (b) How many horse power must be absorbed by the brake? 

Ans. (a) 257 B.t.u. per min. (6) 6.06 hp. 

6. (a) If heating a house with coal could be carried out so 60 per cent of the 
energy in the fuel was usefully applied and the same house could be heated with elec- 
tricity without wasting any of the energy supplied, to what price could coal rise per 
ton (of 2000 lb.) before it would become more economical to heat with electricity 
costing 5 cents per kw-hr.? Assume the burning of each pound of coal will liberate 
13,500 B.t.u. and ignore first cost and maintenance. (b) What would the price of 
coal have to become before it would be economical to use electricity if 80 per cent of 
the energy in the coal could be usefully applied? Ans. (a) $237.50. (6) $316.50. 

7. Electric motors receive electrical energy, convert part of it into heat within 
themselves and deliver the remainder at the pulleys as available mechanical energy. 
A certain motor delivers, in this way, 20 horsepower and converts into heat 15 per 
cent of all the energy supplied it. (a) How much heat must this electric motor 
dissipate per hour? (6) How many ft-lbs. of energy must be supplied it per minute? 
(c) How many killowatt hours of energy must be supplied if the motor runs under 
these conditions for 24 hours? Ans. (a) 8982 B.t.u. (6) 776,500. (c) 421. 

8. A factory building is being designed. Calculations from the radiating surface 
of the building, character of that surface, location, direction of winds, etc., indicate 
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that about 400,000 B.t.u. per hour must be liberated within the building to keep the 
temperature up to 65 F°. The heating engineer desires to keep the cost of the heating 
equipment down to a low figure and believes that he can do so by allowing for heat 
generated by the friction of moving mechanisms within the factory. He discovers 
that 100 horsepower are to be continuously supplied the factory by means of an elec- 
tric motor within the building and that all of this power will be consumed therein. 
The motor has an efficiency of 85 per cent. What allowance can the heating engineer 
make? Ans. 299,400 B.t.u. per hr. 


9. In the manufacture of a certain chemical compound it is necessary to stir 
and mix a rather heavy liquid in a large vat. If the temperature of the liquid rises 
above a certain value it may cause a violent explosion. The formation of the com- 
pound causes the absorption of 20,000 B.t.u. per hour and the vat is so arranged that 
25,000 B.t.u. can be carried away per hour under all conditions by means of a water 
jacket and loss to the surrounding atmosphere. What is the maximum horsepower 
that can be supplied the stirring apparatus without causing a rise in temperature? 


Ans. 17.68 hp. 
10. Find the torque of a steam turbine shaft which is transmitting 26,000 kw. 
at 1800 r.p.m. Ans. 101,700 lb-ft. 


11. An automobile fitted with 30 X 5 in. tires will run 50 miles per hour on level 
when 25 hp. are supplied to the rear axle. Find the torque of the rear axle, assuming 
that 30 in. is the effective diameter of the rear wheels. Ans. 234 lb.-ft. 


12. If the car in Prob. 11 develops maximum torque when climbing a grade that 
requires 22 hp. to be delivered to the rear axle to maintain a speed of 20 miles per 
hour, find the twisting moment in pound-feet, to which the rear axle is subjected. 

Ans. 516 lb-ft. 

13. An inventor claims that his gasoline engine will deliver continuously 4 hp. 
when supplied with fuel at the rate of 2 gal. per 24 hours, it being understood that 
burning the gasoline will yield 122,160 B.t.u. per gallon. Is the performance pos- 
sible? Why? 


14. If an ideal heat engine has 240,000 B.t.u. per hour supplied to it when deliy- 
ering continuously 15 hp., how much heat energy does the engine reject? 
Ans. 201,800 B.t.u. per hr. 

_ 15. During a steam-turbine test, the average gage pressure in the steam pipe 
leading to the turbine was observed to be 245 lb. per sq. in., and from 2 vacuum gage 
“the average pressure of the steam leaving the turbine was observed to be 28 in. Hg. 
If the barometer read 29.7 in. Hg, the temperature of the mercury in both cases 
being 32° F., find the absolute pressures, in pounds per square inch, of the steam 
entering and leaving the turbine. Ans. 259.6. 0.835. 

16. If the steam leaves a small turbine with a velocity of 1000 ft. per sec., what is 

the energy loss, in B.t.u. per pound of steam, represented by this leaving velocity? 
Ans. 19.95. 

17. A certain substance has a pressure of 174 lb. per sq. in. abs. and a volume of 

1,724 cu. ft. perlb. In this state, the internal energy is 576.2 B.t.u. per lb., measured 

above an arbitrarily chosen zero. (a) Find the specific heat content of the substance. 

(b) What is the datum above which this heat content is measured? 

Ans. (a) 631.7 B.t.u. per lb. 

18. A pound of a certain substance undergoes a change from the state defined 

by a pressure of 8.7 lb. per sq. in. abs. and a volume of 50 cu. ft., to the state defined 
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by a pressure of 150 I6. per sq. in. abs. and a volume of 3 cu. ft. If there has been no 
change in the internal energy of the substance, how much has the heat content 
increased? Ans. 2.78 B.t.u. per lb. 


CHAPTER IV 


1. Suppose a certain weight of a substance is confined under a pressure of 175 lb. 
per sq. in. abs. in a cylinder whose volume is 170 cu. in. How much work in B.t.u. 
will be done on the piston if, with the pressure maintained constant, more substance 
is added to that in the cylinder until the volume has increased to 2000 cu. in.? 

Ans. 34.3, 


2. A working substance, existing initially in the state defined by a pressure of 
75 lb. per sq. in. abs. and a volume of 20 cu. ft., has heat abstracted at constant 
pressure until the volume is halved. (a) How much work has been done by the 
working substance? (b) If the gain in internal energy during this period is —347 
B.t.u., how much heat is added to the working substance? 
: Ans. (a) —138.8 B.t.u. (6) —485.8 B.t.u. 


3. A certain substance, initially in state a, with pa = 350 lb. per sq. in. abs. and 
V. = 0.5 cu. ft., expands to state 6 with Vz, = 1.5 cu. ft., according to the law 
p = 50V + 325. Find Wk,» and show the area representing it. 
Ans. 54,000 ft-lb. 


4. Suppose the substance of the previous problem, initially in state a, is expanded 
at constant pressure to state c, such that V; = 1.5 cu. ft., and then is heated at con- 
stant volume until state b, defined in Prob. 3, is reached. (a) Find Wkacs, and with 
PV-coordinates, show the area representing it. (b) Noting that the initial and final 
states in this problem are the same as in Prob. 3, why are the results different? 

Ans. (a) 50,400 ft-lb. 

5. For the condition as given in Prob. 4, suppose the weight of substance is 0.45 
Ib., Ala, 5 = 226 B.t.u., Ala, ¢ = 178 B.t.u., ta = 600° F., t = 3175° F., and t, = 
2720° F. (a) Find the average specific heat during the process ab.  (b) Same 
during the process ac. (c) Same for processcb. Ans. (a) 0.255. (b) 0.255. (c) 0.234. 

6. Assuming the constant pressure specific heat of water to be constant and equal 
to unity, how much heat must be added to raise the temperature of 1 lb. of water from 
32° F. to 212° F., the pressure being kept constant? Ans. 180 B.t.u. 

7. (a) Assuming no loss by radiation, how much electrical energy in British 
thermal units would be required to raise the temperature of a copper wire one mile 
long and weighing 0.3 Ib. per foot, through a range of 10° F. The specific heat of 
copper is 0.095. (6b) In problems of this kind is it assumed that the specific heat 


used is thas at constant pressure? Why? Ans. (a) 1505. 
8. 130 B.t.u. raise the temperature of 10 lbs. of cast iron 100° F., what must be 
the specific heat of this material? Ans. 0.13. 


9. Assume the specific heat of wrought iron as 0.113, the specific heat of water 
as 1.0 and the weight of water as 62.5 lb. per cu. ft. Find the increase in tem- 
perature of 2 cu. ft. of water when a common temperature of 45° results from putting 
into the water a piece of iron weighing 10 lbs. and at a temperature of 1000° F. 

Ans. 8.64° F. 

10. Assuming the constant pressure specific heat of a particular substance to be 
0.503, how much heat must be added to raise the temperature of 3 lb. of this sub- 
stance from 281° F. to 371° F., the pressure remaining constant? Ans. 135.8 B.t.u 
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11. If 282 B.t.u. are required to raise the temperature of 2 lb. of a substance 
from 70° F. to 300° F. while the pressure of the substance is maintained constant, 
what must be the average constant pressure specific heat of the substance? 

Ans. 0.613. 


12. Assume that the value of the variable specific heat c of a substance is given for 
a temperature of ¢ by the equation 


= 0.5 + 0.02 t. 


Find the heat that must be added to raise the temperature of 12 lb. of the 
material from 50° to 100° F. Ans. 1200 B.t.u. 


13. The constant pressure specific heat of a certain substance varies with the abso- 
lute temperature according to the law cy = 0.248 + 4.28(10)-°T?. (a) Find the 
amount of heat that must be abstracted at constant pressure to cool 10 Ib. of the sub- 
stance from 1500° F. to 100° F. (b) What per cent error would have been introduced 
if this specific heat had been considered constant at 0.248? 

Ans. (a) 3577 B.t.u. (6) 2.94. 

14. A machine has working substance supplied to it at a rate of 288,000 lb. per 
hour. This substance enters the machine with a heat content of 1284 B.t.u. per lb. 
and a velocity of 5000 ft. per min. at a point 10 ft. above the exit where it leaves 
with a heat content of 949 B.t.u. per lb. and a velocity of 10,000 ft. per min. The 
machine delivers 36,500 hp. There is intentionally no heat added to or abstracted 
from the machine. Find the radiation and conduction losses in B.t.u. per hour. 

Ans. 3,463,000. 


CHAPTER V 


1. Discuss the meaning of the term equilibrium as applied to mechanics and also 
as applied to thermodynamics. 


2. Distinguish between the terms uniform and constant as applied to any property 
of a substance. 


8. Give an illustration of an irreversible mechanical process. Explain why it is 
irreversible and how it may be made to approach reversibility. 


4. What are the conditions to be fulfilled in order that heat may be transferred 
from one body to another, (a) in a reversible manner, and (b) in an irreversible 
manner? 


5. (a) What is meant by turbulence in a working substance? (b) Give an illus- 
tration of extreme turbulence. 


6. Indicate how heat may be transferred from a hot body to a working substance 
in an irreversible manner and yet the working substance may have only a very slight 
degree of turbulence. 


7. When heat is to be transferred from a hot body to a working substance what 
advantage is gained by having them at nearly the same temperature? What disad- 
vantage is involved? 

8. (a) Can the state of a working substance be completely specified if it is in 
equilibrium? Why? (b) Is this also true for a turbulent state? Why? 


9. What are some ways by which energy may be dissipated in irreversible proc- 
esses? 


10. Explain why reversible processes are desirable (a) when heat is to be trans- 
ferred, without loss of available energy, from one body to another, and (6) wher. it 
is desired to transform heat into mechanical energy with the least loss possible. 
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CHAPTER VI 


1. During the reversible process ab the heat added to the working substance is 
expressed by the symbol Q., and the initial absolute temperature by 74. Why 


would it not be true in general, then to express Aga as equal to “ 1 


a 
2. Under what particular condition does Aga = We " 
a 
3. Why does the area under a reversible path drawn on the temperature entropy 
diagram represent the heat transferred to the working substance? Is it necessary 


that the temperature shall be plotted from absolute zero? Why? 


4. If 10 lb. of ice are melted at a temperature of 32° F. by the absorption of 
1433 B.t.u. find the gain in entropy of this substance during this process. (a) In 
B.t.u. per deg. Fahr. (b) In lb. ° C. calories per deg. Cent. (c) In kg. calories per 
deg. Cent. Note: 1 B.t.u. = 0.5556 Ib. °C. cal. = 0.252 Kg. cal., 1 lb. = 0.4536 kg. 

Ans. (a) 2:91. (6) 2.91. (¢) 1.323: 

5. Distinguish between the change in entropy of a system of bodies and the change 
in entropy of one or more bodies in this system, 

#£7s 


CHAPTER VII 


1. The pressure and absolute temperature of a given mass of gas are doubled, the 
final volume being the same as the initial and nothing whatever is known concerning 
the process the gas undergoes. Can Charles’ Law for constant volume be applied? 


2. A gas has its volume halved by an increase of pressure at constant tempera- 
ture. The initial pressure was 20 lbs. per sq. in. abs.; what is the final pressure? 
Ans. 40 lb. per sq. in. abs. 


8. The products of combustion from a boiler furnace reach the base of the stack 
at a temperature of 500° F. At the top of the stack their temperature is only 200° F. 
Neglecting the slight pressure change which would occur during the ascension and 
assuming that the products of combustion obey the gas laws, determine the relative 
values of the cross-sectional areas at top and bottom of the stack to give equal gas 
velocities at the two points. Ans. 0.687. 


4. A closed metal tank is designed to be safe when subjected to an internal pres- 
sure of 100 lb. per sq. in. abs. It is used to hold compressed air and is filled with this 
material at a temperature of 60° F. and a pressure of 80 Ib. per sq. in. abs, The tank 
stands in the sun and its contents may attain a temperature of 125° F. (a) Assuming 
that the tank does not expand with temperature and pressure changes, will the de- 
signed pressure be exceeded? (b) What temperature would have to be attained to 
raise the pressure of the air to the value for which the tank was designed? 

Ans. (b) 190° F. 

5. A submarine boat is closed at the surface, with air content at a temperature 
of 80° F. and a pressure of 14.5 lb. per sq. in. abs. Aftersinkingbeneaththesurfacethe 
temperature of the air drops to 40° F. (a) If the hull has not changed size during 
the temperature change what must be the pressure of the air under the submerged 
conditions? (b) Assuming that the men and machinery in the boat radiate enough 
heat to maintain a temperature of 60° within the boat what will the air pressure be? 

Ans. (a) 13.42 lb. per sq. in. (b) 13.94 lb. per sq. in. 
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6. Using the two parts of Charles’ Law, develop the characteristic equation 
of ideal gases. 


7. A certain gas is collected over mercury and measured. It is found to have a 
volume of 10 cu. in. at a pressure of 14.6 lb. per sq. in. abs. and a temperature of 
60° F. The gas is then passed through a reagent which absorbs part of it and the 
remainder is collected over mercury and measured. It measures 6 cu. in. at the 
same pressure as before but the temperature has changed to 70° F. between the two 
measurements. What percentage of the original volume was absorbed by the 
reagent? Ans. 41.4. 


8. A diving bell is to be used for executing certain work under water. It is 
made in the form of a flat-ended cylinder open at the bottom. The inside diam- 
eter is 12 ft. and the inside height is 14 ft. The men and tools accommodated 
within the bell occupy a cubical content of 120 cu. ft. If the bell is lowered into the 
water when atmospheric pressure is 14.7 lb. per sq. in. and temperature is 60° F., 
how far below the surface can the bottom of the bell be lowered if the water has a 
temperature of 40° F., weighs 62.5 lb. per cu. ft., and is not to rise to a height of 
more than 4 ft. from the bottom of the bell? Assume that men and tools remain 
entirely within the air space, that they do not change volume with pressure change, 
and that the air within the bell acquires the same temperature as the surrounding 
water. Ans. 17.3 ft. 


9. The inner tube of a certain tire has a capacity of 854 cu. in. (a) How many 
pounds of air will it contain when filled with air at an abs. pressure of 70 lb. per sq. in. 
and a temperature of 32° F.? (b) What will be the increase of pressure of air if the 
temperature rises to 70° F. and the tire does not stretch during the process? 

Ans. (a) 0.19. (0) 5.4 lb. per sq. in. 


10. Ten pounds of air are contained in a receiver at a temperature of 55° F. and 
a pressure of 100 lbs. per sq. in. abs. Air leaks out until at a later time the pressure 
in the receiver is found to be only 40 lb. per sq. in abs. with a temperature of 50° F. ~ 
What weight has leaked out? Ans. 5.96 lb. 


11. A water pump running at 50 strokes per minute delivers 1 cu. ft. of water per 
stroke. An air chamber is to be fitted to this pump of such size that the discharge 
pressure on the pump shall vary from 100 lb. per sq. in. abs. at the beginning of the 
stroke to 150 Ib. per sq. in abs. at the end of the stroke if all the water delivered 
during one stroke must be accommodated in the air chamber. The temperature of 
the water and of the air in the chamber remains constant at 60° F. and no air is 
absorbed by the water. (a) What must be the volume of the air chamber? (b) Would 
there be any economic advantage in using a gas with R = 96? — Ans. (a) 3 cu. ft. 


12. A balloon is filled with hydrogen gas at a pressure of 14.7 lb. per sq. in abs. 
and a temperature of 60° F. The balloon is spherical in shape and has an internal 
diameter of 25 ft. At a later time it is found that the pressure of the gas within 
the balloon is only 0.95 of the original value but that the temperature is the same as 
before. (a) What fraction of the criginal weight of gas must have escaped if the 
dimensions of the balloon have not changed? (b) Assuming the specific heat to be 
constant, how much heat would have had to be removed to cause the pressure to fall 
to the same extent if no leakage occurred and the volume had remained constant? 
(c) What would be the final temperature under the conditions of part (b)? 

Ans. (a) 0.05. (6) 2423 B.t.u. (c) 34° F. 


PROBLEMS 435 


13. A large mining company has provided 109,000 cu. ft. of compressed air 
storage. The pressure of the air in storage drops from 100 Ib. per sq. in. abs. to 25 Ib. 
per sq. in abs., the temperature remaining constant at 80° F. (a) What is the 
weight of air stored initially? (6) By what percentage has the weight of air in 
storage been reduced? Ans. (a) 54,500 lb. (6) 75 per cent. 


14. A certain gas with molecular weight equal to 28 occupies a volume of 12.8 
cu. ft. per Ib. What volume will another gas with molecular weight of 32 theoret- 
ically occupy when at the same temperature and pressure? 

Ans. 11.2 cu. ft. per lb. 

15. A certain gas with molecular weight of 44 weighs 0.1224 lb. per cu. ft. at 
standard conditions. Another gas has a molecular weight of 26. What is its the- 
oretical density under the same conditions of temperature and pressure? 

Ans. 0.0723 Ib. per cu. ft. 

16. It is desired to ship a certain compressed gas whose molecular weight is known 
to be 83 but whose gas constants are unavailable. Determine the approximate 
density of the compressed gas if it is to be shipped under a pressure of 100 Ib. per 
sq. in. abs. and a temperature of 60° F. Ans. 1.489 lb. per cu. ft. 


17. Five pounds of air have a temperature of 40° F. and a pressure of 100 lb. per 
sq. in. abs. instate 7. In 2, for the same weight of air, the pressure is 200 Ib. per sq. in. 
abs. and the temperature is 140° F. Considering this air to be an ideal gas: (a) Find - 
Ig —TJ;. (6) Find V2— Vi. (c) Can Q1,2 be determined without additional data? 
Why? Ans. (a) 85.75 B.t.0. (b) — 3.7 cu. ft. 


18. Three pounds of oxygen, considered as an ideal gas, initially at a pressure of 
100 lb. per sq. in abs. and a temperature of 500° F., undergoes a constant pressure 
reduction of volume until the volume is halved. (a) Find the heat added to the 
oxygen during this process. (b) Find the gain in the internal energy of the oxygen 
during this process. Ans. (a) —313 B.t.u. (6) —223.5 B.t.u. 


19. For the gas defined in Problem 16, suppose it is known that y = 1.68. (a) 
Determine the approximate value of the specific heat at constant pressure; and (b) 
that at constant volume. Ans. (a) 0.0591. (b) 0.0351. 


20. Two pounds of a certain ideal gas, with R = 77.1 and c, = 0.254, initially 
under a pressure of 50 lb. per sq. in. abs. and occupying a volume of 12 cu. ft., undergo 
a change of state during which the pressure and volume are both doubled. Find the 
gain in internal energy. Ans. 520 B.t.u. 


21. Three pounds of air, considered as an ideal gas, are contained in a cylinder 
under a pressure of 100 lb. per sq. in. abs. and a temperature of 1000° F. The state 
of this air is changed at constant pressure until the volume is doubled and then at 
constant volume until the pressure is halved. (a) Would the same amount of heat; 
be added to the air if its state had been changed from the same initial condition to 
the same final condition by a constant volume process followed by a constant pres- 
sure process? Why? (b) Would there be the same gain in the internal energy of 
the air? 

22. (a) Prove that the gain in the heat content during a constant pressure process 
equals the heat added during the process. (5) Is the gain in the heat content during 
a constant volume process equal to the heat added? Why? 


~~ 93. An air preheater raises the temperature of the air supplied to a furnace from 
60° F. to 400° F., the pressure remaining constant. (a) Considering the specific 
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heat variable, find the gain in the internal energy of each pound of air. (b) Find the 
heat added to each pound of air. Ans. (a) 58.7 B.t.u. (6) 82 B.t.u. 
24. A boiler flue gas analysis shows the composition by weight to be as follows: 
COz = 19.5%, CO = 0.1%, O2 = 6.2% and N2 = 74.2%. Find the value of cp for 
this gas at a temperature of 500° F. Ans. 0.2466. 
25. Air and water vapor are mixed together in a steam condenser having a volume 
of 1200 cu. ft. and a temperature of 80° F. If the partial pressure of the air is 0.25 in. 
Hg abs. measured at 32° F., find the weight of air in the condenser. Ans. 0.737 lb. 
26. Dry exhaust gas from a gasoline engine shows by analysis the following com- 
position by weight: CO2 = 13.5%, O2 = 0.4%, CO = 0.4%, H2 = 0.1% and N2 = 
85.6%. For this gas mixture at 2000° F. find (a) cy, (b) cy, (c) y, and (d) R. 
Ans. (a) 0.2807. (6) 0.2118. (c) 1.825. (d) 58.6. 
27. At a temperature of —60° F. and a pressure of 1.73 lb. per sq. in. abs., the 
composition of air by volume at an elevation of 50,000 ft. is approximately, Ar. = 
0.77%, No = 79.55% and O2 = 19.68%. Find the value of #& for air under these 
conditions, fk Ans, 53.6. 


CHAPTER VIII 


Note.—The PYV- and 7 ¢-diagrams should be drawn for each of these problems. 

When not otherwise specified the specific heats of an ideal gas may be taken from 
table II (page 80) for the corresponding real gas at 32° F. 

1. A vessel with a capacity of 5 cu. ft. is filled with air at a pressure of 125 lb 
per sq. in. abs. when at a temperature of 600° F'. It is desirable to lower the pressure 
to 60 Ib. per sq. in. abs. (a) What amount of heat will have to be abstracted and 
what will be the final temperature of the gas, assuming that the vessel does not 
change in size with change of temperature, and that the air may be treated as an 
ideal gas? (6) Find the gain in entropy during this process. 

Ans. (a) 150.5 B.t.u.; 49° F. (6) —0.2. 

2. (a) Find how much heat would be required to heat 4 lb. of ideal air at con- 
stant volume so that it would experience an entropy gain of 0.468, its initial tempera- 
ture being 60° F. (6) Find the gain in internal energy of the air. 

ANS» (@) so0)Bst-t (0) SoOnbetsue 


3. Five pounds of nitrogen are heated at constant volume from 50° F. to 4000° F. 
Taking account of the variation in the specific heats, find (a) the heat added to the 
nitrogen and (b) its gain in entropy. Ans. (a) 4121 B.t.u. (6) 2.125. 


4. Twenty-five pounds of hydrogen are compressed from a volume of 50 cu. ft. 
to a volume of 10 cu. ft., the pressure remaining constant. Considering hydrogen to 
be an ideal gas, find the gain in entropy. Ans, —126:5; 


5. Ten pounds of ideal air are heated at constant pressure until f2 = 2%. If the 
heat added to the gas is 1185 B.t.u., find the gain of entropy. Ans. 1.00. 


6. Three pounds of methane are cooled at constant pressure from 5000 to 2000° F. 
Taking account of the variation in the specific heats, find, (a) the gain in the internal 
energy of the methane; (b) its gain in entropy. 

Ans. (a) —24,288 B.t.u. (b) —6.447. 


%. A given weight of ideal gas occupies 3.09 cu. ft. under a pressure of 200 lb. per 
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sq. in. abs. It expands isothermally, the ratio of expansion being 3. Find (a) final 
volume, (b) ft-lb. of work done, and (c) the heat added in B.t.u. 
Ans. (a) 9.27. (6b) 97,800. (c) 125.6. 

8. Five pounds of ideal air expand isothermally from a pressure of 120 lb. per 
sq. in. abs. to a final pressure of 20 lb. per sq. in. abs., the work done being 248,500 ft.- 
Ib. Find (a) initial volume, (b) final volume, (c) initial temperature, and (d) heat 
supplied, and (e) the gain in entropy. 

Ans. (a) 8.05 cu. ft. (b) 48.3 cu. ft. (c) 62°F. (d) 320 Btu. (e) 0.613. 

9. Find the gain in entropy of an ideal gas which is compressed isothermally from 
a pressure of 14.7 lb. per sq. in. abs., and a volume of 60 cu. ft. to a pressure of 75 lb. 
per sq. in. abs. The gas is maintained at a temperature of 80°F. Ans. —0.494. 


1.3 
10. Solve the equation P, = 150 (=) 9.3 by means of a log-log slide rule (if 
available) and by means of common logarithms. Anas 5 = l7.0le 
11. (2) How much work will be required to compress 2 lb. of an ideal gas from 
Vi = 25 cu. ft. and pi = 13.5 lb. per sq. in. abs.; to p2 = 75 lb. per sq. in. abs. 
according to the equation PV**° = const.? (b) What will be the final temperature 
if the initial temperature is 55° F.? Ans. (a) 77,990 ft-lb. (6) 344° F. 
12. Two pounds of ideal air expand according to the law PV!” = K, from a tem- 
perature 600° F. to a temperature of 50° F. Find (a) the heat added to the air, (6) 
the gain in internal energy of the air, and (c) the gain in entropy of the air. 
Ans. (a) 188.7 B.t.u. (6) —188.7 B.t.u. (c) 0.2505. 


13. Five pounds of oxygen are compressed according to the law PV'?> = K, 
from a pressure of 12 lb. per sq. in. abs. and a temperature of 50° F. until the tempera- 
ture rises to 300° F. Considering oxygen as an ideal gas find (a) the final pressure, 
(b) the initial volume, (c) the final volume calculated from the 7V-relationship, 
(d) the final volume calculated from the law PV = wT’, and (e) the gain in the inter- 
nal energy. 

Ans. (a) 88lb./in.2abs. (6) 71.4 cu.ft. (c) and (d) 14.52 cu. ft. (e) 194 B.t.u. 

14. Ten cu. ft. of hydrogen under a pressure of 20 lb. per sq. in. abs. and at a 
temperature of 60° F. are compressed according to the law Py'!> = K until the 
volume becomes 2 cu. ft. Considering this hydrogen to be an ideal gas, find (a) the 
heat added to the hydrogen, and (b) the gain in the entropy of the hydrogen. 

Ans. (a) — 46.1 B.t.u. (b) — 0.078. 

15. One cu. ft of air under a pressure of 500 lb. per sq. in. abs. and at a tempera- 
ture of 3500° F. expands according to the law PV!* = K until the temperature drops 
to 500° F. Taking account of the variation in the specific heat, find (a) the heat 
added to the air, and (b) the gain in entropy of the air. 

Ans. (a) 31 B.t.u. (6) 0.0173. 

16. One-quarter of a pound of an ideal gas with cp = 0.238 and c, = 0.169 is 
expanded isentropically from V; = 0.2 cu. ft. and p: = 300 lb. per sq. in. abs. to 
p2 = 150 lb. per sq. in. abs. (a) What are the values of R, 71, V2, T2? (6) How 
much work is done by the gas? 

Ans. (a) 53.6; 644° F. abs.; 0.327 cu. ft.; 526° F. abs. (6) 3880 ft.-Ib. 

17. Air is drawn into an air compressor at a temperature of 61° F. and at an 
atmospheric pressure of 14.7 lb. per sq. in. abs. The flash point of the oil used to 
lubricate the compressor piston is 350° F. (a) If compression is adiabatic, what 
pressure could be attained in the compressor if the maximum allowable temperature 


428 PROBLEMS 


is 50 degrees below the flash point of the oil? (b) If the compression follows the law 
Pv'*° = K, what is the maximum allowable pressure? 
Ans. (a) 55 lbs. per sq. in. abs. (b) 75.4 lbs. per sq. in. abs. 


18. Imagine 0.4 lb. of an ideal gas having cp = 0.124 and c, = 0.093 to expand 
in a cylinder which prevents any heat flow to or from the gas, the initial pressure 
being 100 lb. per sq. in. abs. and the initial volume } cu. ft. (a) Find the work done 
when its volume has become 3 cu. ft. (b) Find the drop in temperature. Find the 

-gainin entropy. (cp = 0.124. c, = 0.093.) 
Ans. (a) 9730 ft.-lb. (6) 336° F. (c) 0. 


19. What will be the difference in the amounts of work required to compress 
5 cu. ft. of ideal air at 60° F. and 14.7 lb. per sq. in. abs. to a pressure of 90 lb. 
per sq. in. abs. (2) when the compression is adiabatic and when it is isothermal? 
(b) What is the gain in internal energy in each case. 
Ans. (a) 1280 ft.-lb. (0) 22.95 B.t.u., 0 B.t.u. 


20. Two pounds of an ideal gas with & = 50 and y = 1.4 are compressed from 
an initial pressure of 22 lb. per sq. in. abs. and an initial temperature of 60° F. to a 
pressure of 88 lb. per sq. in. abs., according to the law PV’*° = K. (a) Find the 
final temperature. (b) Find the gain in entropy of the gas. 
Ans. (a) 226° F. (6) —0.0535. 


21. One pound of air is compressed isentropically from a temperature of 200° F., 
to a temperature of 2000° F. Taking account of the variation in the specific heat. 
(a) find the work done by the air and (6) find the ratio of the initial volume to the 
final volume. Ans. (a) —326.6 B.t.u. (6) 31.6. 


22. Four pounds of oxygen are compressed from state 1 to state 2 isothermally, 
and from state 2 to state 3 at constant pressure. Consider oxygen to be an ideal gas. 
If t; = 140° F., pi: = 15 lb. per sq. in. abs., and pz = p3 = 90 lb. per sq. in abs. and 
V; = 0.8 Vo. (a) Find AJ), 2, Als, 3, and Aly, 3; and (b) Qi, 2 and Qa, 3. 

Ans. (a) 0, —74.6 B.t.u., —74.6 B.t.u. (6) —267.5 B.t.u., —104.3 B.t.u. 


23. One quarter of a pound of ideal air is compressed isentropically from 13 lb. 
per sq. in. abs. and 60° F’. to a pressure of 100 lb. per sq. in. abs. After compression its 
temperature is decreased to 60° F. while the volume is maintained constant. (a) 
How much heat will have to be abstracted to bring this about? (b) What will be the 
final pressure? (c) If the gas is now allowed to expand isentropically to a pressure of 
13 lb. per sq. in. abs., how much work can it do? (d) What will be the temperature 
and volume at end of expansion in (c) above? Ans. (a) 17.6 B.t.u. 

(b) 55.8 lb. per sq. in. abs. (c) 7.58 B.t.u. (d) —117° F., 2.44 cu. ft. 


24. Two cu. ft. of hydrogen under a pressure of 100 lb. per sq. in abs. and at a 
temperature of 300° F., are expanded isentropically to 20 lb. per sq. in. abs. This 
gas then undergoes a constant pressure process, after which, the hydrogen is returned 
to its initial condition by a polytropic compression with n = 1.15. Considering 
hydrogen as an ideal gas, (a) find the heat added to the gas during the constant 
pressure process, and (b) draw, approximately to scale, the PV and 7’¢-diagrams of 
these processes. Ans. (a) 24.55 B.t.u. 


25. It is desired to have air delivered from a nozzle at a velocity of 1800 ft. per 
sec., a pressure of 15 lb. per sq. in. abs., and a temperature of 40° F. It is known 
that the nozzle coefficient is 98 per cent and the velocity of the air entering the 
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nozzle is so low that it may be ignored. Considering the air to be an ideal gas, find 
(a) the initial temperature of the air (b) the initial pressure. 
Ans. (a) 310° F. (b) 73.3 lb. per sq. in. abs. 
l/ 28. If the air in Prob. 25 is taken from an air line in which the pressure is 100 lb. 
per sq. in. abs. and throttled to the required pressure entering the nozzle, (a) what 
temperature must be maintained in this air line assuming the throttling to be adia- 
batic? (>) Find the gain in entropy per pound of air during this throttling process. 
/ Ans. (a) 310° F. (b) 0.0213. 
27. Consider 4 lb. of an ideal gas, for which R =50 and y = 1.4, changing from 
state 1 to state 2. p, = 40 Ib. per sq. in. abs., #1 = 500° F., p2 = 120 Ib. per sq. in. 
abs., and t2 = 1000° F. (a) Find the gain in entropy during this change of state 
(byFind the gain in internal energy during this change of state. (c) Find the gain 
heat content during this change of state. 
Ans, (a) 0.0945. (6) 321,6 B.t.u. (c) 450 B,t.u. 


28. Prove that Eq. (127) reduces to Eq. (99) if the specific heat is constant and 
a known polytropic process is involved. 

29. Using logarithmic cross-section paper determine the pressure exerted by 
an ideal gas for each cubic foot of volume increase when expanding according to the 
law PV'*° = constant, from an initial pressure of 100 lb. per sq. in. abs. and an 
initial volume of 1} cu. ft. to a terminal pressure of 15 lb. per sq. in. abs. 


Ans. V(cu. ft.) |p (1b. per sq. in. abs.) : 


2.5 50.2 

3.5 31.8 

4.5 22.7 

5.5 17.3 
CHAPTER Ix 


1. Find the indicated horsepower of a single-cylinder, double-acting engine 

* having a 10-in. bore and a 12-in. stroke (known as a “10 X 12 engine ”’) running at 

200 r.p.m. and operating on a two-stroke cycle. The mean effective pressure for the 

head and crank ends of the engine are respectively 28 and 32 lb. per sq. in. and the 
diameter of the piston rod may be ignored. Ans, 28.55. 


2. Suppose the engine of Prob. 1 has given indicator diagrams having an area of 
2.6 sq. in. with a length of-3 in. for the head end, and an area of 2.8 sq. in. with a 
length of 3 in. for the crank end. If the spring scale of the indicator is 50 lb. per sq. in. 
find the indicated horsepower. Ans. 42.8. 


3. An 8 X 12 in. air compressor, which operates cn a two-stroke cycle, while 
running 200 r.p.m. gives an indicator card having an area of 1.8 sq. in. for the head 
end, and 2 sq. in. for the crank end. The length of each card is 2 in. Scale of the 
spring is 60 lb. per sq. in. perin. The piston rod is 1} in. in diameter. Find the i.hp. 

Ans. 34.1. 


4, A 12 X 18-in. engine has an indicator motion arranged to give diagrams 3} in. 
long. Ignoring the piston rod, if an indicator is used with a spring scale of 80, find 
the value of the work represented by each square inch of card area, and express it, 
(a) in ft.-Ib., and (b) in B.t.u. Ans, (a) 3875 (b) 4.98. 
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wi CHAPTER X 


Note.—In the following air compressor and air-engine problems, it is assumed 
that there is no throttling or leakage, that valve operations are instantaneous, and 
that there is no change in the temperature of the air during suction, delivery, or 
exhaust. 


1. The delivery pressure in a reciprocating compressor having isentropic, com- 
pression and handling 0.1 Ib. of air per cycle, is 50 lb. per sq. in. abs. The tempera- 
ture of the air drawn in is 60° F., and the average atmospheric pressure where the 
compressor is located may be taken as 14.7 lb. per sq. in. abs. Determine: (a) 
The net work of the compressor cycle, if the compressor has no clearance. (b) The 
net work of the compressor cycle if the compressor has 5 per cent clearance. (c) If 
the compressor has 5 per cent clearance, find the weight of air in the cylinder during 
the compression. (d) What per cent increase in the required piston displacement 
results from the 5 per cent clearance when compared to the compressor of the same 
capacity with no clearance? 

Ans. (a) 4055 ft.-lb. ~(b) 4055 ft.-Ib. (¢) 0.11285 lb. (d) 7.5. 


2. Determine the capacity of either compressor given in Prob. 1 in terms of the 
volume of free air handled per minute if the compressor operates at a speed of 180 
r.p.m. and is double acting. Ans. 471 cu. ft./min. 


8. Assume three compressor cylinders without clearance ahd with a piston 
displacement of 1 cu. ft., one cylinder so arranged as to give adiabatic compression; 
one arranged to give isothermal compression; and one arranged to give a compression 
curve with exponent equal to 1.25. (a) Determine the work done during the com- 
pression process alone in each cylinder and the final temperature in each case if air 
with an initial temperature of 60° F’. and at an initial pressure of 14.7 lb. per sq. in. 
abs. is compressed to 100 lb. per sq. in. abs. (b) Express the second and third cases 
as a percentage of the compression work in the case of the adiabatic process. (c) 
Determine the net work per cycle in each case, assuming discharge to occur at the con- 
stant pressure of 100 1b. per sq. in. abs. (d) Express results as percentages as in (6). 

Ans. (a) 3860 ft.-lb.; 440° F. 4055 ft.-lb.; 60° F. 3950 ft.-lb.; 303° F. 

(b) 105.3; 102.5. (c) 5400 ft.-lb.; 4055 ft.-Ib.; 4940 ft-lb. (d) 75.3; 91.5. 


4. What is the volumetric efficiency of a compressor having 5 per cent clearance 
and operating as in Prob. 1? Ans. 93.03%. 


5. An air compressor is delivering 80 lb. of air per min. at a pressure of 150 lb. 
per sq. in. abs. Atmospheric pressure is 14.7 lb. per sq. in. abs., and the temperature 
of the entering air is 60° F. Ignoring frictional losses; (a) Find the horespower 
required to operate the compressor for the following cases: 1. If it is a single stage 
machine with n = 1.35. 2. If it is a two-stage machine with the air going to the 
second stage cylinder at a pressure of 48 lb. per sq. in. abs. and temperature of 
65° F. (6) Find the temperature of the air going to the receiver in each case. (c) 
If the allowable temperature rise of the circulating water in the intercooler is 15° F., 
find the weight of water required per minute. . 

Ans, (a) 214;9182> (6) 490° Bis) 245° Re a(C)e23lelbs 

6. If, in Prob. 5, the single stage compressor cylinder has a clearance of 5 per cent 
in both ends, which is the same clearance as in the ends of the low pressure cylinder 
of the two-stage machine, and if both compressors are double acting, and run at a 
speed of 180 r.p.m., find (a) the weight of the clearance air in the single-stage machine 
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and in the low-pressure stage of the two-stage machine, and (b) the piston displace- 
ment required in both cases of (a). 


Ans. (a) 0.0803 lb.; 0.0287 Ib. (6) 3.77 cu. ft.; 3.12 cu. ft. 


7. A centrifugal air compressor draws in 12,000 cu. ft. of air per minute at a pres- 
sure of 14 lb. per sq. in. abs. and a temperature of 60° F. This air is delivered from 
the compressor at a pressure of 70 lb. per sq. in. abs. and a temperature of 164° F. 
The area of the suction pipe is 2.1 sq. ft., the area of the discharge pipe is 0.4 sq. ft., 
and the discharge pipe is located 20 ft. above the suction pipe. The weight of jacket 
water, which enters at 60° F. and leaves at 110° F., is 677 Ib. per min. Find the 
horsepower required to drive this compressor assuming no loss due to radiation. 

Ans. 13815. 


————— 


8. Power is obtained by expanding air adiabatically in an engine cylinder. It is 
found that when the temperature of the air drops below 32° F. the moisture which is 
carried by the air freezes and impairs the action of the engine. Air is received by the 
engine at a temperature of 60° F. and a pressure of 100 Ib. per sq. in. abs. (a) What 
is the lowest pressure to which the air can expand if its temperature is not to drop 
below 32° ¥.? (b) To what initial temperature would it be necessary to heat the air 
in order that it may be possible to expand to 15 Ib. per sq. in. abs. without dropping 
below the minimum allowable temperature? 

Ans. (a) 82.6 lb. per sq. in. abs. (6) 387° F. 


9. Air is available for use in a compressed air engine at a temperature of 65° F. 
and at a pressure of 125 lb. per sq. in. abs. It is desired to preheat it at constant 
pressure to such a temperature that it will not drop below a temperature of 35° F. 
when expanded to a final pressure of 16 lbs. per sq. in. abs. according to the equation 
Py'* = const. How much heat will be required per pound? Ans. 76.8 B.t.u. 


10. Suppose compressed air at 110 lb. per sq. in. abs. and 60° F. is used in air 
turbine tools designed to make use of the complete isentropic expansion of the air. 
If atmospheric pressure is 14 lb. per sq. in. abs., and the air is preheated before use to 
350° F., what per cent increase in the energy that may be delivered to the turbine per 
pound of air can be credited to the preheating? Ans. 55.8. 


11. (a) Air is supplied to an air engine at a pressure of 195 lb. per sq. in. abs. and 
a temperature of 275° F. Atmospheric pressure where the engine is located is 14 lb. 
per sq. in. abs. Find the piston displacement required by a double-acting engine 
which develops 20 i.hp. when running 100 r.p.m. and allowing the air to expand to 
four times the volume at cut off within the cylinder. Consider the expansion isen- 
tropic and ignore clearance and compression. (b) What will be the temperature of 
the air at the end of the isentropic expansion? (c) How much coal must be pro- 
vided per hour for the preheater, if the temperature rise of the air in the preheater 
is 215° F. and if 6000 B.t.u. of heat energy is added to the air per pound of coal burned? 

Ans. (@) 0.2645 cu. ft. (6) —388° F. (c) 4.88 lb. 


12. It is desired to compress 50 lb. of air per minute to a pressure of 85 lb, per 
sq. in. abs. Consider that, for a compressor of this size, the isothermal compression 
efficiency is 77 per cent. If, at the place where the compressor is located, the average 
atmospheric temperature is 50° F. and the average atmospheric pressure is 13.8 lb. 
pez sqvin. abs., what will be the indicated horsepower of the air compressor? 

Ans. 97.2. 
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CHAPTER XI 


1. An ideal gas is used as the working substance in a heat engine, the gas being 
carried through the following processes making up a closed cycle: 


process a-b, a constant volume addition of heat; 
process b—-c, an isentropic expansion; 

process c-d, a constant pressure compression; 
process d—a, an isentropic compression. 


(a) Show on an appropriate diagram the ratio of areas representing the efficiency 
of this cycle. (b) Develop an expression for the efficiency of this cycle in terms of 
temperatures and other factors. 


2. An engine using } lb. of an ideal gas (y =1.4, R =53.3) as a working substance 
receives heat from a hot body at a temperature of 1000° F. and rejects heat to a 
cold body at a temperature of 100° F. This engine operates on a cycle composed of 
an isothermal expansion, an isentropic expansion, an isothermal compression, and a 
constant volume process. If the maximum and minimum temperatures of the working 
‘substance during the cycle are, respectively, 1000° F. and 100° F., and if the volume 
doubles during the isothermal expansion, determine: (a) the heat added to the 
gas during each process, (b) the work done by the gas during each process, and (c) the 
e‘iciency of the cycle. 

Ans. (a) 34.7; 0; —59.2; 77.1 Btu. (6) 34.7; 77.1; —59.2+ OBtu. (ce) 47:1 
per cent. 

8. One-half of a pound of ideal gas (y=1.4, R =53.3) is enclosed in a cylinder 
fitted with a movable piston. The gas occupies a volume of 3 cu. ft. and exerts a 
pressure of 100 lb. per sq. in. abs. The gas is expanded at constant pressure to a 
volume of 6 cu. ft.; the pressure is then dropped to 15 lb. per sq. in. abs. at constant 
volume. The gas is next compressed at constant pressure to a volume of 3 cu. ft.; 
and lastly the pressure is raised to 100 lb. per sq. in. abs. at constant volume. 

(a) Find the net work of this cycle by the easiest method.. (b) Why is the chosen 
method easiest? (c) Check the net work obtained in (a) by a different method. 
Ans. (a) 36,750 ft-lb. 

4, An engine operating on the Carnot cycle uses an ideal gas as a working sub- 
stance. The temperature of the hot body is 1000° F. and that of the cold body is 
60° F. If the heat supplied per cycle is 10 B.t.u., what is the net work delivered 
/ per cycle? Ans. 6.44 B.t.u. 

5. In the case of the Carnot cycle in Prob. 4 with the higher temperature 1000° F. 
and the lower one 60° F., how much net work would be done per cycle if the heat 
rejected per cycle is 10 B.t.u.? Ans. 18.08 B.t.u. 

6. Imagine an engine operating on the Carnot cycle. It is desired to obtain 
100 ft-lb. of work per cycle. The heat supplied per cycle equals 0.3 B.t.u. and 
the temperature of the hot body is 500° F. What must be the temperature of the 
cold body? Ans. 89° F. 

7. (a) Determine the efficiencies of Carnot engines when the hot body and the 
cold body have the following temperatures resy ectively: 


Hot body temperature Cold body temperature 
(1) 3000° F. 500° F. 
(2) 1500° F. Omak 


(3) 1500° F. 500° F. 
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(b) Which is the more effective method of increasing the efficiency, raising 71, 
or lowering 72? Why? Ans. (a) 72.2 per cent, 76.5 per cent, 51 per cent. 


8. If the maximum and minimum temperatures and pressures are both given, ,/) 


develop an expression for the ratio of isothermal expansion in a Carnot engine 
using an ideal gas with a known value of y as the working substance. 


6 
Ans. Pox (7) 
Prin. \T1 


9. (a) Draw the Carnot cycle to PV and T¢ coordinates for the following condi- 
tions. Two pounds of an ideal gas (y=1.4, R=55.3) are used as the working sub- 
stance. The maximum temperature is 1500° F. and the maximum pressure is 
200 Ib. per sq. in. abs. The ratio of isothermal expansion is 2. The minimum 
temperature is 50° F. (6) Find the heat supplied, the heat rejected, and the net 
work per cycle. (c) Find the efficiency of the cycle. 

Ans. (b) 193.3 B.t.u., 50.2 B.t-u., 143.1 B.t.u. (c) 73.9 per cent. 


10. A heat pump, operating on the Carnot reversed cycle, is used to remove 


10 B.t.u. per cycle from a body at a temperature of 32° F., and to discharge heat 


to a body at a temperature of 100° F. (a) How much energy will be required 
per cycle to operate this heat pump? .(b) How much will be required if the upper 
temperature is 200° F.? (c) How much heat will be discharged to the hot body in 
each case? (d) What is the ratio of the first result in part (c) to the result in part 
(a) and what is the significance of this ratio? 

Ans. (a) 1.383 B.t.u., (6) 3.43 B.t.u., (c) 11.383 B.t.u., 13.43 B.t.u. (d) 8.22. 


11. A Rider hot-air engine, operating on the Stirling cycle, uses 0.066 lb. of air 
(consider y=1.4, R=53.3) as the working substance. Heat is supplied when the 
working substance is at a temperature of 1500° F. and rejected when at 200° F., the 
initial volume being 0.8 cu. ft. and the final volume 1 cu. ft. Find: (a) the pressures 
at the beginning and end of expansion, and at the beginning and end of compression; 
(b) the net work of the cycle; (c) the mean effective pressure; and (d) the efficiency 
of the cycle. 

Ans. (a) 59.9, 47.9, 16.15 and 20.2 lb. per sq. in. abs. (6) 1020 ft.-lb. (c) 35.45 

lb. per sq. in. (d) 66.3 per cent. 


12. If an internal combustion engine working on the Otto cycle has 25 per cent 
clearance, find the efficiency of the cycle (a) on the cold-air standard; and (b) on 
the hot-air standard considering y=1.3. Ans. (a) 47.5 per cent. (b) 38.4 per cent. 


13. A real engine working on the Otto cycle has a pressure at the beginning of 
compression of 13 lb. per sq. in. abs. (a) Find the clearance to give a compression 
of 91 lb. per sq. in. abs., assuming the exponent for compression to be 1.35 and 
the working substance to be an ideal gas. (b) If the initial temperature is 60° F., 
find the temperature at the end of compression. 

Ans. (a) 31 percent. (b) 400° F. 

14. (a) Calculate the cyclic efficiencies of Otto engines for the cold-air standard 
using the following compression ratios: 3, 4, 5, 6, and 7. (b) Same as (a) except 
on the hot-air basis with y=1.3. (c) Plot the results of parts (a) and (b) on cross- 
section paper, thus showing the variation in the cyclic efficiency with the compres- 
sion ratio. (d) What limits the compression pressure in real Otto engines? 

Ans. (a) 35.6, 42.6, 47.5, 51.2, 54.1 per cent. (b) 28.1, 34.0, 38.3, 41.6, 44.2 

per cent. 
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15. Suppose the ratio of compression in an Otto engine is 5. Consider warm air 
as the working substance with y=1.3 for both the compression and expansion 
processes. The pressure at the beginning of compression is 14.7 lb. per sq. in. abs., 
and the maximum pressure is 240 lb. per sq. in abs. (a) Find the ratio of the mean 
effective pressure to the maximum pressure. (b) Of what significance is this ratio? 

Ans. (a) 0.1613. 


16. If a Diesel engine has a ratio of compression of 14 and the corresponding ideal 
cycle has a cut-off ratio of 2, find the efficiency of this ideal cycle (a) for the cold- 
air standard and (b) for the hot-air standard considering y =1.37. 

Ans. (a) 59.2 per cent. (b) 56.5 per cent. 


17. (a) Calculate on the cold-air basis the ideal Diesel cycle efficiencies for a 
15-to-1 compression ratio and for the following cut-off ratios: 1.5, 2, 2.5, and 3. 
(b) Same as (a) except for a 13-to-1 compression ratio. (c) Plot the results of 
(a) and (0) on cross-section paper and discuss the significance of the resulting curves. 


Ans. Eficiencies | Efficiencies 
: Cut-off : ; 

tj with with 

ao r=15 r=13 

i 0.631 0.609 

2 0.604 0.58 
De) 0.58 0.555 
3 0.558 05382 


18. Suppose the ratio of compression in a Diesel engine is 133. Consider warm 
air as the working substance with y=1.37 for both the compression and expansion 
processes. The pressure at the beginning of compression is 14.7 lb. per sq. in. abs., 
and the cut-off ratio for the corresponding ideal cycle is 1.75. (a) Find the mean 
effective pressure for such a case. (b) The mean effective pressure is what per cent 
of the maximum pressure. Ans. (a) 66 lb. per sq. in. (6) 12.7 per cent. 


19. Suppose a Diesel engine with a compression ratio of 15 is operating with a 
fuel having a heating value of 19,300 B.t.u. per lb. At half load this engine requires 
a 70-to-1 ratio of air to fuel. Assume that the weight of the burnt gases remaining 
in the clearance is negligible. (a) What value of the cut-off ratio should be used in 
the corresponding ideal cycle for the hot-air standard if y be taken as 1.38 during 
all parts of the cycle and the temperature at the beginning of compression is 200° F.? 
(b) What is the ideal cyclic efficiency? Ans. (a) 1.592. (b) 60.6 per cent. 


20. Find the efficiency of the Dual Combustion cycle with the following ratios, 
using the hot-air standard with y=1.33. The ratio of compression is 10, the con- 
stant volume pressure ratio = the cut-off ratio = 1.75. Ans. 49.7 per cent. 


21. The ratio of compression in an ideal Brayton cycle is 5. Consider warm air 
as the working substance with y = 1.35 for both the compression and expansion 
processes. The pressure at the beginning of compression is 14.7 lb. per sq. in. abs., 
and the cut-off ratio is 2. (a) Find the mean effective pressure. (b) What is the 
cyclic efficiency? (c) Discuss the significance of the result of part (a@) compared 
to the mean effective pressures found in problems 15 and 18. 

Ans. (a) 23.8 lb. per sq.in. (6) 43 per cent. 
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CHAPTER XII 


1. A heat engine shows on test a brake thermal efficiency of 24 per cent and 
a mechanical efficiency of 75 per cent. The corresponding ideal cycle efficiency is 
39 per cent. Find (a) the indicated thermal efficiency, (b) the brake engine effi- 
ciency, and (c) the indicated engine efficiency. 

Ans. (a) 82 percent. (b) 61.5 per cent. (c) 82 per cent. 

2. At a given load a heat engine shows the following performance: brake 
thermal efficiency = 16 per cent, mechanical efficiency = 89 per cent, and indicated 
engine efficiency = 75 per cent. What is the efficiency of the ideal cycle on which 
the engine operates? Ans. 24 per cent. 

3. A certain heat engine requires 16.2 lb. of working substance per brake hp.-hr. 
provided each pound supplies the engine with 1107 B.t.u. of heat energy. ‘The 
indicated thermal efficiency is 15.7 per cent and the conditions of operation are 
such that the corresponding ideal cycle efficiency is 26.2 per cent. Find (a) the 
brake thermal efficiency, (b) the brake engine efficiency and (c) the mechanical 
efficiency: Ans. (a) 14.2 per cent. (6) 54.2 per cent. (c) 90.4 per cent. 

4. A heat engine is directly coupled to a generator which delivers electrical 
energy at a constant rate of 27,350 kw. when steadily supplied with 275,000 Ib. of 
working substance per hour. Each pound of substance supplies the engine with 
1257 B.t.u. of heat energy and the conditions of operation are such that the ideal 
cycle efficiency is 35.8 per cent. Find (a) the combined thermal efficiency, and 
(b) the combined engine efficiency. Ans. (a) 27 per cent. (b) 75.4 per cent. 

5. An air compressor is direct-connected to a heat engine. The compressor 
handles 1000 cu. ft. of free air per minute, atmospheric pressure being 14 Ib. per 
sq. in. and atmospheric temperature being 60° F. The air is discharged at a pressure 
of 175 lb. per sq. in abs. and the overall isothermal efficiency of the compressor is 
70 per cent. The brake thermal efficiency of the heat engine is 25 per cent and all 
the heat supplied to the engine comes from an oil, the combustion of each gallon 
of which liberates 147,000 B.t.u. (a) Find the gallons of oil per day required by 
the engine if run continuously at the given load. (6) If the compression efficiency 
is 77 per cent, find the combined thermal efficiency based on the indicated hp. 
of the compressor cylinders. Ans. (a) 366. (6) 22.7 per cent. 

6. A fuel having a higher heating value of 19,300 B.t.u. per lb. is burned in a 
central station to supply energy for the heat engines driving electric generators. 
During one week, an average of 0.8 Ib. of oil is consumed per kw.-hr. output of 
the station. Find (a) the plant thermal efficiency, and (b) the B.t.u. supplied 
per net kw.-hr. for the station. Ans. (a) 22.1 per cent. (b) 15,420. 


CHAPTER XIV 


1. An automobile engine, having a ratio of compression of 4.6, operates under 
certain conditions with a brake thermal efficiency of 23 per cent. Find the brake 
engine efficiency based on (a) the cold air standard, (b) the hot air standard with 
7 =1.29. (c) Discuss the significance of the results of (a) and (b). 

Ans. (a) 50.3 per cent. (b) 64.4 per cent. 

2. An airplane engine with a clearance of 22.7 per cent shows an economy of 
0.48 Ib. of gasoline per b.h.p. hr. under specified conditions. If the gasoline has 
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a higher heating value of 20,320 B.t.u. per lb. and a lower heating value of 18,940 
B.t.u. per lb., find (a) the brake thermal efficiency, and (b) the brake engine effi- 
ciency on the hot air basis with y=1.30. (c) If the jacket loss is 13 per cent and the 
exhaust loss is 40 per cent, find the radiation and the unaccounted for losses in per 
cent. (d) If the load on the engine is 400 b.h.p., give the heat balance of the engine. 

Ans. (a) 26.1 percent. (b) 65.7 percent. (c) 20.9percent. (d) B.h.p. =16,970 

B.t.u. per min., Jacket loss=8,440 B.t.u. per min., Exhaust loss =26,000 
B.t.u. per min., Radiation and unaccounted for loss = 13,590 B.t.u. per min. 

3. A blast furnace gas engine (Otto type) shows by test a gas consumption of 
109.3 cu. ft. per b.h.p. hr., the gas having a higher heating value of 90 B.t.u. per 
cu. ft. The mechanical efficiency is 86.3 per cent and the ratio of compression is 
7. Find (a) the brake thermal efficiency, (b) the indicated thermal efficiency 
and (c) the brake engine efficiency on the hot air standard with y =1.32. 

Ans. (a) 25.85 per cent. (b) 29.95 per cent. (c) 55.7 per cent. 

4. A certain engine using blast furnace gas as a fuel, operates under such con- 
ditions that its corresponding ideal cycle may be taken as the Otto using hot air 
with an average value of y=1.33. -At the start of compression this air has a 
temperature of 200° F. and a pressure of 14.7 Ib. per sq. in. abs. The maximum 
pressure in this ideal cycle is 500 lb. per sq. in. abs. If the engine has a ratio of 
compression of 7 and the cards taken under the specified load conditions have a 
mean effective pressure of 5) Ib. per sq. in., find the indicated engine efficiency. 

Ans. 68.6 per cent. 


5. A four cylinder, 3’ <5’’ automobile engine (four stroke cycle) with a compres- 
sion ratio of 5:1 shows the following performance when tested with wide open 
throttle at various speeds: 


R.p.m. B.h.p. Lb. fuel per b. hp-hr. 
1000 18 0.56 
1500 28 0.52 
2000 38 0.53 
2500 48 0.55 


The higher heating value of the fuel is 20,000 B.t.u. per lb. Using a tabulated 
scheme of calculation, find, for these observations (a) the brake thermal efficiency, 
(b). the brake engine efficiency using a hot air standard with y=1.3, (c) the 
brake torque and (d) the brake m.e.p. (e) Plot the results of parts (a), (6), (c), 

and (d) against the speed of the engine. 
Ans. (a) 22.7, 24.45, 24, 23.15 per cent. (6) 59.3, 63.9, 62.7, 60.5 per cent. 
(c) 94.5, 98.1, 99.7, 100.9 Ib. ft. (d) 100.8, 104.6, 103.2, 107.4 lb. per sq. in. 


6. A Diesel engine operating under a constant load uses 4 bbls. of crude oil 
per day of 24 hours. (1 bbl. = 336 lb.). The heating value of the oil is 19,000 
B.t.u. per lb. The mechanical efficiency is 73 per cent and the brake thermal 
efficiency is 29 per cent. Find (a) the indicated h.p., (6) the brake h.p., and (c) the 
amount of oil required per b.h.p. hr. (d) If the ratio of compression is 14, the 
mixture ratio is 30 : 1, the temperature at the beginning of compression is 200° F., 
wp = 0, and y for the hot air standard may be assumed as 1.37, find the brake engine 
efficiency. Ans. (a) 166. (6) 121.1. (c) 0.462. (d) 53.4 per cent. 
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7. The two-cycle Diesel engines driving generators in a power plant operate 
with an average indicated thermal efficiency of 42.6 per cent. The oil burned has 
a higher heating value of 19,100 B.t.u. per Ib. Of the heat supplied the engines, 
3.4 per cent is used to drive the injection air compressors, 3.0 per cent to drive the 
scavenging pumps, and 6.2 per cent is lost due to friction and turbulence in the 
engine. The generator efficiency is 92 per cent and 3.5 per cent of the generator 
output is required for the auxiliaries of the plant, such as the water circulating 
pumps, the fuel oil handling pumps, lighting, etc. Find (a) the brake thermal 
efficiency, (b) the combined thermal efficiency, (c) the plant thermal efficiency, 
and (d) the Ib. of oil that must be supplied the engines per kw. hr. delivered by 
the plant. Ans. (a) 830 percent. (b) 27.6 percent. (c) 26.6 percent. (d) 0.672. 


8. Suppose a 1500 kw. steam power plant can be built for $320 per kw. installed, 
and suppose a Diesel plant of the same capacity costs $355 per kw. The average 
yearly plant thermal efficiency of the steam plant is 15 per cent, using a coal with 
a heating value of 13,500 B.t.u. per lb. and costing $5.00 a ton of 2000 Ib. at the 
plant. The corresponding plant thermal efficiency of the Diesel plant is 25 per cent 
when using an oil with a higher heating value of 19,000 B.t.u. per Ib. and costing 
$2.00 per barrel of 336 lb. Twenty per cent of the first cost of each plant in addition 
to the fuel cost, must be expended annually. (a) What is the cost of the coal per 
million B.t.u. supplied? (6) What is the cost of the oil per million B.t.u. supplied? 
(c) What is the cost of fuel per year in the steam plant if 6,570,000 kw. hrs. of energy 
are sold annually? (d) What is the corresponding cost of fuel in the Diesel plant 
if the same amount of energy is sold? (e) What is the average yearly cost of energy 
from the steam plant? (f) What is the average yearly cost of energy from the 
Diesel plant? 

Ans. (a) 18.5c. (6) 31.35c. (c) $27,650.  (d) $28,040. (e) 1.882 c. per 

kw-hr. (f) 2.05 c. per kw-hr. 


9. A 300 h.p. oil engine operating on the Dual-Combustion cycle uses 0.45 Ib. 
of oil per b.h.p. hr. at rated load. The mechanical efficiency of the engine is 80 
per cent and the higher heating value of the fuel is 19,000 B.t.u. per lb. Find (a) 
the brake thermal efficiency, (b) the indicated thermal efficiency, (c) the lb. of oil 
per i.h.p. hr., and (d) the Ib. of oil required per hour at this load. Ans. (a) 29.8 
per cent. (b) 37.25 per cent. (c) 0.36. (d) 135. 

10. A four cylinder 213/22” Diesel engine (4 stroke cycle) with a compres- 
sion ratio of 10 shows the following performance when tested at a constant speed 
of 300 r.p.m.: 


Lbs. of Mechanical Lbs. of 
B.hp. Oil per Efficiency Air per 
B. hp-Hr. Per Cent Lb. of Oil 
1000 0.402 (625 33.3 
750 0.406 72.6 38.8 
500 0.435 63.8 55.9 
250 0.59 42.8 93.4 


The higher heating value of the fuel is 19,120 B.t.u. per Ib. Using a tabular scheme 
of calculation, find for these observations (a) lb. of oil per i.h.p. hr, (6) brake thermal 
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efficiency, (c) cycle efficiency considering y=1.37, and the temperature at the 
beginning of compression to be 200° F., (d) brake engine efficiency and (¢) the brake 
mean effective pressure. (f) Plot the results of (a), (b), (c), (d) and (e) against 
the b.h.p. Ans. (a) 0.308, 0.295, 0.278, 0.252. (6) 33.1, 32.8, 30.6, 22.6 per cent. 
(c) 48.4, 49.5, 51.5, 53.6 per cent. (d) 68.4, 66.2, 59.4, 42.2 per cent. (€) 82.5, 
61.8, 41.3, 20.6 lb. per sq. in. 

4S 2144 


eo 


rterk Weck ies CHAPTER X 


Note.—Table XI is intended to be used with these problems whenever necessary. 


1. A pound of liquid with Cp = 0.5 solidifies at a temperature of 2° F. and vapor- 
izes at a temperature of 150° F. when its pressure is kept at 20 lb. per sq. in. abs. 
For this pressure, find (a) the heat of the liquid measured above the fusion tem- 
perature, (b) the corresponding increase in entropy, and (c) the corresponding increase 
in the internal energy of the liquid if its volume increases 0.005 cu. ft. 

Ans. (a) 74 B.t.u. (6) 0.1888. (c) 73.98 B.t.u. 


2. A certain liquid has a variable specific heat at atmospheric pressure given by 
the following equation, cp = 0.7 + 0.003t — 0.0001¢?. At this pressure, the sat- 
uration temperature is 100° F. and the temperature of fusion is —35° F. What is 
the value of the heat of the liquid per pound measured above the temperature of 
fusion? Ans. 72.9 B.t.u. 


3. When 1 lb. of a certain liquid vaporizes under a pressure of 35 lb. per sq. in. 
abs., there is a volume increase of 50 cu. ft. If the corresponding latent heat of 
vaporization is 900 B.t.u., and the saturation temperature is 250° F., find (a) the 
entropy of vaporization, (b) the external latent heat of vaporization, and (c) the 
internal latent heat of vaporization. Ans. (a) 1.267. (b) 324 B.t.u. (c) 576 B.t.u. 


_ 4, Twenty pounds of a certain liquid, for which cp = 1.13, ate heated at a con- 
stant pressure of 200 lbs. per sq. in. abs. from an initial temperature of 40° F. and a 
volume of 0.5 cu. ft. until it is completely vaporized. Under this pressure, the 
saturation temperature is 96° F., the volume of the saturated liquid is 0.027 cu. ft. per 
lb., the volume of the saturated vapor is 1.5 cu. ft. per lb., and the latent heat is 480 
B.t.u. per lb. Find (a) the quantity of heat transferred to the substance during 
the entire process, (b) the corresponding gain in the entropy of the substance, (c) the 
increase in the internal energy of the liquid while being heated to the saturation 
temperature, and (d) the increase in the internal energy of the substance during 
vaporization. 
Ans. (a) 10,866 B.t.u. (6) 19.64. (c) 1264 B.t.u. (d) 8510 B.t.u. 
5. Under a pressure of 100 lb. per sq. in. abs., a certain substance has a satura- 
tion temperature of 328° F. The dry saturated vapor has a specific volume of 4.43 
cu. ft. per lb. When superheated at constant pressure from the saturated vapor 
state until the temperature increases 100° F., the volume increases to 5.15 cu. ft. 
per lb. and @p = 0.53. Find, for one pound of the substance, (a) the heat of super- 
heating, (6) the gain in internal energy during superheating, and (c) the entropy 
of superheating. Aus. (a) 538 B.t.u. (6) 39.7 B.t.u. (c¢) 0.0629. 


6. (a) Sketch typical saturation curves on PV and T® coordinates. (6) 
Show a datum state at which the internal energy and entropy are assumed zero. 
(c) By an appropriate area, show the heat content of the substance at the datum 
state. 
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4. If, in problem 1, the volume of the liquid at the fusion temperature is 0.03 
cu. ft., and if the internal energy of the saturated liquid at this temperature be 
taken at zero, (a) find the heat content of the saturated liquid at the specified 
pressure, (b) show an area on a PV-diagram that represents the difference between 
the heat content of the liquid and the heat of the liquid, and (c) determine the heat 
content of this liquid at a temperature of 150° F. and a pressure of 100 lb. per sq. in. 
abs. Ans. (a) 74.11 B.t.u. (c) 74.63 B.t.u. 


8. The latent heat of vaporization of a certain substance at a pressure of 110 lb. 
per sq. in. abs. is 525 B.t.u. Starting with one pound of this substance as a saturated 
liquid at 110 lb. per sq. in. abs., an amount of heat equal to 300 B.t.u. is transferred 
to the substance at constant pressure and the corresponding gain in internal energy 
is 270 B.t-u. Find (a) the resulting quality of the mixture, (b) the internal latent 
heat of vaporization of the substance, and (c) w. 
fo Ans. (a) 57.1 per cent. (b) 472 B.t.u. (c) 2.6 cu. ft. 


9. When the saturation temperature of a certain vapor is 100° F., its saturation 
pressure is 100 lb. per sq. in. abs. The corresponding value of the internal latent 
heat of vaporization is 700 B.t.u./lb., the external latent heat of vaporization is 
60 B.t.u./lb., and the mean value of the constant pressure specific heat when the sat- 
urated vapor is superheated 100° F. is 0.4. When the quality is 35 per cent, the 
specific heat content of the substance is 420 B.t.u./lb. and the specific entropy is 
1.00 measured above the arbitrary datum. Find (a) the specific heat content of 
the substance when superheated 100° F’., and (b) the corresponding specific entropy of 
the substance. Ans. (a) 954 B.t.u. (6) 1.9472. 


10. In a certain boiler test the partial pressure of the CO» in the flue gas was 2.25 
lb. per sq. in. abs. and its temperature was 300° F. Under these conditions why 
may CO: be considered as a gas rather than as a superheated vapor? 


fr 


11. Should steam under the same pressure and temperature as specified for CO 
in problem 10 be considered a gas rather than a superheated vapor? Why? 


12. Should ammonia under the following conditions of pressure and tempera- 
ture be considered as a gas or a superheated vapor: (a) 1700 lb. per sq. in. abs., 
300° F., (6) 200 lb. per sq. in. abs., 100° F.? Before answering the questions, show 
ae atey to scale_on the 7’$-diagram the states specified. 


e318: A vapor with a quality of 100 per cent and at a temperature of 100° F. is 
supplied to suitable coils for special heating purposes, and the condensate leaves the 
coils as a saturated liquid at this same temperature. Assuming that the heat given 
up to the coils amounts to 1,000,000 B.t.u. per hour, find the weight of vapor that 
must be supplied the coils, in pounds per hour, if the fluid used is (a) steam, (b) 
ammonia, and (c) sulphur dioxide. Ans. (a) 965. (6) 2,098. (c) 7,100. 


14. Find the heat content of 100 lb. of water under an abs. pressure of 1545 lb. 
per sq-in. abs. and a temperature of 100° F. Ans. 7254 B.t.u. 


) / 15. Assuming that for each case in problem 13 the velocity of the vapor in the 
pipe line leading to the coils is 6000 ft. per minute and that of the condensate in the 
pipe line leading from the coils is 5 ft. per second, find the respective cross sectional 
areas of the pipes in square inches. 
Ans. (a) 135.6 for vapor, and 0.125 for liquid. (6) 1.19 for vapor, and 0.46 
for liquid. (c) 2.75 for vapor, and 0.625 for liquid. 
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dP : 
16. Using Eq. (212) compute the value of Ti for ammonia under a saturation 


temperature of (a) 0° F., (b) 125° F. Ans. (a) 105.8. (0) 632. 
17. Saturated steam at 99° F. has a pressure of 0.9205 Ib. per sq. in. abs. and at 
101° F., has a pressure of 0.9776 lb. per sq. in. abs. Using Eq. (212) check, approx- 
imately; the latent heat of vaporization given in Table XI corresponding to a sat- 
uration temperature of 100° F., assuming the value of u indicated in this table. 

\“ 18. Two pounds of carbon dioxide under a pressure of 650 Ibs. per sq. in. abs., 
occupy a volume of 0.2 cu. ft. For this mixture, find (a) the quality, (6) the specific 
entropy; and (c) the specific internal energy. 

Ans. (a) 80.2 per cent. (6) 0.1553. (c) 68.8 B.t.u./lb. 

19. A tank having a volume of 175 cu. ft. contains a mixture of sulphur dioxide 

liquid and vapor at 75°F. The liquid occupies half the volume of the tank. What 

is the quality of the mixture? Ans. 0.743 per cent. 


CHAPTER XVI 


Note.—Most of the problems in this chapter may be solved by the aid of Table 
XI and Fig. 151, but vapor charts may be also employed to great advantage after 
the student has become thoroughly proficient in the use of the tables. 


1. Determine the amount of heat that must be added to one pound of steam in 
order to change its state at a constant pressure of 681.1 lb. per sq. in. abs. from a 
volume of 0.5 cu. ft. until it is superheated 150° F., and show the area representing 
this amount of heat. Ans. 304.5 B.t.u. 


2. One pound of ammonia is heated at constant pressure from state 1 with x; = 30 
per vent and é; = 50° F., to state 2 such that D, = 75° F.. Cy. = 0.6 and V2 = 3.3 
cu. ft. Find in B.t-u. (a) Qi,2; (6) Whi, 2; (c) Ali, 2, and (d) Iz. (e) Show the 
areas roughly to scale representing (a) and (6). 

Ans. (a) 414. (6) 37.8. (c) 376.2 (d) 615.7. 


3. A 1000-hp. steam turbine uses 12 lb. of steam per hp-hr. when running under 
full load. The operating conditions are such that the steam is exhausted from the 
turbine into a heating system at a temperature of 200° F. and a quality of 95 per cent. 
(a) Assuming that there is no leakage and that the condensate is removed from the 
heating system as a saturated liquid at 200° F., find the amount of heat given up by 
the steam in B.t.u. per hour. (6) The same as part (a) except the condensate is 
removed at a temperature of 100° F. and a pressure of 11.53 lb. per sq. in. abs. 
(c) Would it be good engineering to use the heat content of the saturated liquid at 
100° F. in solving part (6) of this problem? Why? (d) Under what conditions is 
there an important distinction between the heat content of the saturated and the 
non-saturated liquid at a given temperature? Ans. (a) 11,130,000. (6) 12,330,000. 

4. One pound of steam at a pressure of 247.3 lb. per sq. in. abs. with a quality of 
100 per cent has heat abstracted from it at constant volume until the temperature 
becomes 100° F. Find (a) the final quality, and (6) the amount of heat abstracted 
from the steam during the process, and show the approximate area representing it. 

Ans. (a) 0.527 per cent. (b) 1042 B.t.u. 

5. Ten pounds of sulphur dioxide are heated at constant volume from a tem- 
perature of 25° F. and a quality of 10 per cent until the temperature becomes 100° F. 
Find (a) the final quality, (6) the gain in internal energy of the substance. 

Ans. (a) 41 per cent. (b) 624 Bin. 
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6. Two pounds of steam under a pressure of 681.1 Ib. per sq. in. abs. and a tem- 
perature of 650° F. occupy a volume of 1.76 cu. ft. If this steam is cooled at con- 
stant volume until its pressure becomes 67 Ib. per sq. in. abs., find, in B.t.u., (a) 
its initial internal energy, (6) its final internal energy, and (c) the heat abstracted 
from it. Ans. (a) 2411. (6) 761.2. (c) 1649.8. 


7. A container having a volume of 10 cu. ft. is filled with a mixture of liquid and 
vapor ammonia, the liquid occupying 7.5 cu. ft. The initial temperature of the 
ammonia is 50° F. The container is carelessly placed in the storeroom alongside 
heating coils and in the course of a day its temperature finally rises to 125° F. Assum- 
ing that the tank does not explode, find (a) the initial quality, (6) the resultant 
increase of pressure, and (c) the heat absorbed by the ammonia. 

Ans. (a) 0.259 per cent. (b) 218.6 lb. per sq. in. (c) 25,495 B.t.u. 

8. One pound of dry saturated ammona at a pressure of 307.8 Ib. per sq. in. abs. 
is expanded isentropically until its pressure becomes 53.73 Ib. per sq. in. abs. Find 
(a) the final quality, (b) the final volume, and (c) the work done by the ammonia 
during this expansion, and show the area representing it. 

Ans. (a) 86.6 per cent. (b) 4.615 cu. ft. (c) 79 B.t.u. 

9. Three pounds of carbon dioxide under a pressure of 505 lb. per sq. in. abs. and 
with a quality of 75 per cent are compressed isentropically until the pressure becomes 
906 lb. per sq. in. abs. Find (a) the final quality and (b) the gain in internal energy 
of the carbon dioxide. Ans. (a) 90.1 per cent. (6) 21.75 B.t.u. 

10. One pound of steam is expanded from state 1 to 2 isentropically. If t; = 
§25° F., Vi = 2.28 cu. ft., p1 = 247.3 and pe = 11.53 lb. per sq. in. abs., find (a) 
V2/V:, (b) Wki, 2, and show the area representing it. Ans. (a) 13.1. (6) 202.4 B.t.u. 

11. If saturated liquid ammonia in state 1 with t; = 75° F. is expanded isentrop- 
ically until state 2 is reached such that t. = 0°F., find (a) x2 (b) V2, (c) V2/Vi, 
(d) Whi, 2. 

Ans. (a) 13.49 per cent. (b) 1.2512 cu. ft. (c) 47.3. (d) 13.15 B.t.u. per lb. 

12. The same problem as 11 except that the fluid is COs. 

Ans. (a) 33.75 per cent. (b) 0.1091 cu. ft. (c) 4.95. (d) 7.54 B.t.u. per lb. 

13. The same problem as 11 except that the fluid is SO». 

Ans. (a) 13.63 per cent. (6) 0.973 cu. ft. (c) 88.5. (d) 4 B.t.u. per lb. 


14. One pound of steam at a pressure of 67 lb. per sq. in. abs. and a temperature 
of 500° F. is cooled isothermally until its quality becomes 35 per cent. The initial 
volume is 8.40 cu ft Find, in B.t.u., (a) the amount of heat abstracted from the 
steam, (b) the gain in its internal energy, and (c) the work done on it. Show the 
areas representing (a) and (c) respectively. Ans. (a) 771. (b) —470.4. (c) 300.6. 

15. One pound of ammonia having a quality of 80 per cent and a temperature of 
125° F. is expanded according to the law PV = const. until the pressure becomes 
53.73 Ib. per sq. in. abs. Find (a) the work done by the ammonia, (b) the gain in 
its internal energy, and (c) the heat added to it. 

Ans. (a) 60,500 ft.-lb. (6) —12.9 B.t.u. (c) 64.9 B.t.u. 


16. One pound of steam at a pressure of 11.53 lb. per sq. in. abs. and a tempera- 
ture of 300° F. is expanded according to the law PV'? = const. until the temperature 
becomes 109° F. The initial volume is 39 cu. ft. For this expansion, find (a) the 
final quality, (b) the work done by the steam, (c) the gain in its internal energy, and 
(d) the heat transferred to it. 

Ans. (a) 88.9 per cent. (6) 111,000 ft.-lb.  (c) —176.1 B.t.u. (d) —33.4 B.t.u. 
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17. Steam is throttled through a valve from a pressure of 247.3 lb. per sq. in. abs. 
and a quality of 95 per cent to a pressure of 67 lb. per sq. in. abs. Find (a) the 
final quality, (b) the gain in the specific entropy of the steam and (c) the increase in 
the specific volume of the steam. 

Ans. (a) 97.8 per cent. (6) 0.1291. (c) 4.545 cu. ft. 

18. A throttling calorimeter is used to determine the quality of steam in a steam 
pipe. The pressure of the steam in the sampling pipe is 247.3 lb. per sq. in. abs., 
and the pressure and temperature of the steam in the calorimeter indicate a heat 
content of 1168.1 B.t.u. per lb. Making the usual assumptions regarding this type of 
calorimeter, find the quality of the steam in the sampling pipe. Ans. 96 per cent. 

19. If, for a given throttling calorimeter installation, the minimum value of the 
heat content for which the calorimeter will give satisfactory readings is 1155 B.t.u. 
per lb. when used with steam, find the minimum quality in the steam main for which 
the calorimeter may be used if the pressure in the main is (a) 67 |b. per sq. in. abs., 
and (b) 681.1 lb. per sq. in. abs. Ans. (a) 97.4 per cent. (6) 93.6 per cent. 


20. A throttling calorimeter is used to determine the quality of steam in a main 
in which the pressure is 67 lb. per sq. in. abs. The exhaust from the calorimeter is 
connected to a condenser so that the pressure in the calorimeter is 11.53 lb. per sq: 
in. abs. and the temperature is 225° F. (a) Ignoring radiation from the calorimeter 
and differences in velocities and elevations, find the quality of the steam in the main. 
(b) If radiation from this calorimeter amounts to 36 B.t.u. per hour with a flow of 
72 lb. per hour, neglecting differences in velocities and elevations, find how much 
the specific heat content in the main should be modified from that leaving the 
calorimeter. Ans. (a) 97.6 per cent. (6) + 0.5 B.t.u. 

21. A universal calorimeter of the type described in Sect. 196(f) is used to deter- 
mine the quality of steam in a main in which the absolute pressure is 67 Ib. per sq. in. 
while that in the calorimeter is 14.7 lb. per sq. in. Under these conditions the flow 
of steam through the calibrated nozzle of the calorimeter is 27 lb. per hour. If 0.22 
lb. of water collects in the separating chamber of the calorimeter every ten minutes, 
find the quality of the steam in the main, assuming that a fair sample flows through 
the calorimeter. Ans. 91.5 per cent. 

22. If saturated liquid ammonia in state 1 with t; = 75° F., is throttled adia- 
batically until state 2 is reached such that t2 = 0° F., find (a) x2, (6) ps, (c) Vo, (d) 
V2/V1, (e) $2, (f) $2/¢1- 

Ans. (a) 14.63 per cent. (6) 30.42. (c) 1.3854 cu. ft. (d) 51.10. (e) 0.2786. 
(f) 1.058. 

23. The same as problem 22, except that the fluid is CO». 

Ans. (a) 38 percent. (b) 309. (c) 0.1209 cu. ft. (d) 5.49. (e) 0.065. (f) 1.201. 

24. The same as problem 22, except that the fluid is SOz. 

Ans. (a) 15 per cent. (b) 10.4. (c) 10.7 cu. ft. (d) 97.4. (e) 0.0328. (f) 1.17. 

25. Suppose that each of the respective fluids used in problems 22, 28, and 24, 
after throttling to state 2, is then heated isothermally from 2 to 3, such that z; = 100 
per cent. Find Q>»,; in B.t.u. per lb. and show the area representing it. 

Ans, 485, 72.5, 137.5. 
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Note.—It is recommended that most of the following problems in this chapter 
and those in the succeeding ones be solved with the aid of suitable vapor charts. 


26. Five pounds of steam under a pressure of 110 lb. per sq. in. abs. and occupy- 
ing a volume of 25 cu. ft., undergo a constant volume process until the pressure “ 
becomes 80 lb. per sq. in. abs. ind (a) the final quality, and (b) the heat abstracted 
from the steam. Ans. (a) 91.3 per cent. (6) 671 B.t.u. 


27. Steam, initially under a pressure of 200 lb. per sq. in. abs. and with a super- 
heat of 200° F., expands isentropically until its pressure becomes 1 in. Hg abs. 
Find (a) the work done by each pound of steam during this expansion, and (b) the 
ratio of the final to the initial volume. Ans. (a) 350.6 B.t.u. (6) 173.9. 


28. Suppose a pound of steam having an absolute pressure of 150 Ib. per sq. in. 
and a temperature of 400° F. is compressed isothermally until its quality 
becomes 98 per cent. Find (a) the quantity of heat added to the steam, and (b) the 
external work done by it. Ans. (a) — 75.6 B.t.u. (6) — 48.1 B.t.u. 


29. Starting with the same initial condition as in Prob. 28, suppose the steam 
is compressed according to the law PV'* = const. until the pressure becomes 250 lb. 
per sq. in. abs. Find for this process (a) the work done by the steam and (b) the 
quantity of heat added to it. Ans. (a) — 33.8 B.t.u. (0) 8.7 B.t.u. 


30. Steam is flowing steadily through a valve which reduces its pressure from 
200 to 20 lb. per sq. in. abs. Assuming that the superheat before passing this valve 
is 130° F., that the velocity is the same on each side of the valve, and that 
there is no loss of energy by radiation or conduction, find (a) the gain in the specific 
volume of the steam, (b) the gain in its specific entropy, (c) the drop in its tempera- 
ture. Ans. (a) 24.82 cu ft. (6) 0.248. (c) 37 deg. F. 


31. Suppose an apparatus could be devised to permit steam to expand from state 
1 to 2 along the saturated vapor line. Assume that this steam follows the law 
PV” =k. If pi = 200 and p2 = 100 lb. per sq. in. abs., (a) find the value of n 
such that PiV,” = P.V.”. (b) Using this value of n, find the mean value of the 
specific heat of the steam for this process. (c) The same as (a) and (b) except 
that pi = 15 and pz = 1 |b. per sq. in. abs. 

Ans. (a) 1.048. (6) — 0.857. (c) 1.068, — 1.13. 

32. On a certain day the relative humidity is 76 per cent, the barometric pressure 
is 14.2 lb. per sq. in., and the temperature of the air is 65° F. Find (a) the pressure 
of the water vapor, (b) the pressure of the dry air, (c) the density of the water vapor, 
and (d) the dew point. 

Ans. (a) 0.232 lb per sq. in. abs. (6) 13.968 lb. per sq. in. abs. (c) 0.00074 Ib. 

per cu. ft. (d) 57.1° F. 

33. What is the ratio of the density of dry air at a temperature of 100° F. and 
an absolute pressure of 14.7 lb. per sq. in. to that of the so-called “saturated air” 
for the same temperature and pressure. Ans. 1.023. 


34. (a) What is the ratio of the density of dry air at a temperature of 80° F. 
and an absolute pressure of 14.7 lb. per sq. in. to the density of the atmosphere 
having a relative humidity of 80 per cent and the same total pressure and tempera- 
ture? (b) What is the dew point of the atmosphere in this condition? 

Aa, @)) USO, () Zeer 1, 

35. For certain industrial purposes a mixture of air and water vapor is heated 
at the constant pressure of 13.5 Ib. per sq. in. abs. from a temperature of 50° to 
100° F. (a) If the relative humidity of the mixture entering the heater is 85 per 
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cent, find its value upon leaving the heater, assuming that no water was added 
in the heater. (b) How much heat would be absorbed by this mixture, assuming 
that 100 Ib. per min. are passed through the heater. 

Ans. (a) 15.83 per cent. (b) 1207 B.t.u. per min. 


36. Ata certain load a boileris using 174,000 lb. of moist air per hour to support 
combustion. If this air is supplied the boiler at a temperature of 90° F., an absolute 
pressure of 14.5 Ib. per sq. in., and a relative humidity of 85 per cent, find the weight 
of water vapor that enters the furnace per hour with the air. Ans. 4520 lb. 


CHAPTER XVII 


1. Consider the following cycle: Starting with steam under an absolute pressure 
of 100 lb. per sq. in. and a volume of 7.5 cu. ft. per lb., heat is abstracted at con- 
stant volume until the pressure is reduced 50 per cent. The steam is then com- 
pressed isentropical'y to the initial pressure, and a constant pressure addition of 
heat returns it to the initial state. Find, for this cycle, (a) Q1, (6) Qs, (c) net work, 
and (@) the efficiency. ‘i 

Ans. (a) 305 B.t.u. per lb. (6) 285.7 B.t.u. per lb. (c) 19.3 B.t.u. per lb. 

(d) 6.382 per cent. 


Note.—In the following problems on the Carnot cycle, unless otherwise specified, 
it is understood that the working substance at the beginning of the isothermal 
expansion is a saturated liquid. 


2. Consider a heat engine that operates on the Carnot cycle with steam as the 
working substance. At the start of the adiabatic expansion, the pressure of the 
steam is 247.3 lb. per sq. in. abs. and the quality is 97 per cent. The lowest tempera- 
ture in the cycle is 100° F. Find (a) the heat supplied, (b) the heat rejected, and 
(c) the efficiency of the cycle. 

Ans. (a) 801 B.t.u. per lb. (6) 522 B.t.u. per lb. (c) 34.9 per cent. 


3. A heat engine operating on the Carnot cycle and using steam as the working 
substance has the adiabatic expansion starting with a pressure of 60 lb. per sq. in. 
abs. and a temperature of 400° F. This expansion continues until the temperature 
becomes 200° F. (a) Draw this cycle carefully on both PV- and 7 ¢-diagrams. 
Find (0) the work done by each pound cf the steam during the adiabatic expansion, 
(c) the net work of the cycle of each pound of steam, and (d) the efficiency of the 
cycle. Ans. (6) 104 B.t.u. (c) 229 B.t.u. (d) 23.25 per cent. 


4. (a) Why, in general, are the efficiencies of ideal cycles likely to be less for the 
steam plant than for the internal combustion engine? (b) What determines the 
lowest temperature in a steam plant in which every possible refinement is introduced? 

5. Steam is supplied to a turbine at an absolute pressure of 185 lb. per sq. in. 
and with a superheat of 140° F. If a condenser maintains an exhaust pressure on 
the turbine of 1.5 in. Hg abs., (a) what is the value of (Ah)g? (6) What is the 
significance of this quantity? (c) Find the exhaust pressure to give only half this 
amount of available energy. (d) By what portion would the available energy be 
increased if the condenser pressure were reduced from 1.5 to 1 in. Hg abs.? 

Ans. (a) 374.7 B.t.u. (c) 18.6 Ib. per sq. in. abs. (d) 5.17 per cent. 

6. In a certain factory, steam is availabie from the boilers at an absolute pressure 
of 160 lb. per sq. in. and with a superheat of 70° F. A small oven, requiring a 
steam temperature of at least 400° F. is installed. (a) If the steam is condensed in 
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the coils of this oven, what pressure must be maintained in them? It is proposed 
that the small amount of steam thus required be taken from the boilers and pumped 
up to the required pressure. (b) In the ideal case, with no heat transfer during the 
pumping, how much mechanical energy per pound of steam pumped is required to 
operate the compressor? (c) This mechanical energy is what portion of the heat 
energy made available from each pound of steam in the oven, if the steam is con- 
densed at constant pressure to a saturated liquid at 400° F.? (d) If the oven 
condenses 3000 lb. of steam per hour and the actual compressor requires 25 per cent 
more power than the ideal, what will be the horsepower required to drive the com- 
pressor? (e) Under what conditions would this be a commercially feasible idea? 
Ans. (a) 247 lb. per sq. in. abs. (6) 42.2 B.t.u. (c) 4.67 per cent. (d) 62.1. 


7. If steam at a pressure of 200 lb. per sq. in abs. and a temperature of 500° F. 
is supplied to a turbine, (a) what per cent increase in the efficiency of the Rankine 
engine cycle would result from lowering the back pressure from 15 lb. per sq. in. abs. 
to lin. Hgabs.? (6) Find the per cent increase in the net work of the ideal turbine 
for the same conditions. (c) If the circulating water is to enter the condenser in 
this plant at a temperature 10 degrees less than the saturation temperature of the 
steam exhausted from the turbine, what would this temperature have to be when the 
absolute pressure of the exhaust steam is 1.2” Hg? When 0.6’ Hg? 

AMIS. (G@)E HleOs (0) 920 AC) iA Bete 8 

8. If the turbine described in problem 7 operates with the 1 in. back pressure, 
find the per cent increase in the cycle efficiency that would result if the throttle 
temperature were increased from 500° to 600° F. Ans. 1.85. 

9. Steam at a pressure of 200 lb. per sq. in. abs. and with a superheat of 200° F. 
is supplied to a turbine which has its back pressure maintained at 1 lb. per sq. in. abs. 
The steam rate of this turbine is 14 lb. per b.hp-hr. A second turbine is supplied 
with steam at a pressure of 180 lb. per sq. in. abs. and with a superheat of 100° F.; 
it has a back pressure of 15 lb. per sq. in. abs. and its steam rate is 16 lb. per 
b.hp-hr. Find the brake thermal efficiency of (a) the first turbine and (b) the 
second turbine. (c) explain how the turbine with the lower steam rate can have 
the poorer thermal economy. Ans. (a) 14.7 per cent. (b) 14.82 per cent. 

10. A 20,000-kw. turbine generator is supplied with steam at a pressure of 250 lb. 
per sq. in. abs. and a temperature of 650° F. Under test at the most economical load 
the combined steam rate is found to be 10 lb. per kw-hr. If the back pressure is 
0.9 in. Hg abs., find (a) the combined thermal efficiency, (b) the combined engine 
efficiency, and (c) the ideal steam rate. 

Ans. (a) 26.35 per cent. ()) 76.2 per cent. (c) 7.62 lb. per kw-hr. 

11. A centrifugal boiler feed pump is direct-connected to a small steam turbine. 
During a certain test, the power delivered to the water averaged 64 hp. The turbine 
was supplied with steam, superheated 104° T., and having a pressure of 215 lb. per 
sq. in. abs. With an exhaust pressure of 5.6 lb. per sq. in. abs., the steam consump- 
tion of the turbine amounted to 930 lb. per hr. Find (a) the combined steam rate, 
(b) the ideal steam rate, (c) the combined thermal efficiency, and (d) the combined 
engine efficiency. 

Ans. (a) 14.53 lb. per hp-hr. (6) 9.44 lb. per hp-hr. (c) 15.57 per cent. 

(d) 65 per cent. 

12. A turbine-generator, delivering 30,000 kw., has a combined engine efficiency 
of 77 per cent when the steam is supplied at a pressure of 400 Ib. per sq. in. abs. 
and a temperature of 700° F. and when the exhaust pressure is 1 in. Hg abs. 
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(a) Find the weight of steam that must be supplied the turbine per hour. (6) Assum- 
ing a generator efficiency of 96 per cent and, for the purpose of this problem, that 
all of the turbine losses appear in the exhaust steam, find the amount of heat that 
must be abstracted in the condenser from each pound of steam. If the steam 
velocity, in both the steam main and in the exhaust opening be taken as 12,000 ft. 
per min., what would be the required area in square feet of (c) the piping leading 
to the turbine and (d) the exhaust connection between the turbine and the condenser. 
Ans (a) 278,000 lb. (b) 926.5 B.t.u. (c) 0.657. (d) 224. 

13. A 30,000-kw. turbine generator shows the following performance when tested 

at various loads: 


Throttle Steam Exhaust Total Steam 
Generator Pressure, | Temperature] Pressure, Time of Condensed 
Load, Kw. Lb./In.2,_ | at Throttle, In. Hg., /Run, Hours} During 
Abs. Deg. F. Abs. Run 
0 234 499 1.85 0.5 8,900 
13,900 237 551 1.00 3 493,000 
18,200 227 546 1.04 3 617,000 
22,200 232 552 1.00 3 737,000 
26,200 231 540 1.08 Bie 865,000 
34,500 224 498 1.04 3 1,167,000 


Using a tabulated scheme of calculations, find (a) the combined steam rate, (b) the 
combined thermal efficiency, (c) the Rankine engine cycle efficiency, and (d) the 
combined engine efficiency. (e) Plot the results of parts (a) to (d), inclusive, with 
the generator load as abscissa. 

Ans. (a) , 11.82, 11.30, 11.08, 11.00, 11.27 lb. per kw-hr. (6) 0, 23.2, 24.35, 
24:75, 25.15°24.95 per cent. (c) Sl:1, 33.385, 33:0; 33:3; 33.0; 32:7 per cent. 
(d) 0, 69.5, 73.8, 74.3, 76.0, 76.3 per cent. 

14. Suppose that a steam-pipe line is selected of such a size that it gives a 10 per 
cent drop in pressure between the boiler and the engine. What is the corresponding 
percentage loss of mechanical energy available assuming an exhaust pressure of 2 in. 
of Hg abs. and that the steam leaves the boiler with a temperature of 575° F. and 
an absolute pressure of 340 lb. per sq. in. Ans. 1.4. 

15. In a power plant operating on the Rankine eycle the pressure in the steam 
main as it leaves the boiler is 417 lb. per sq. in. abs. and its temperature is 700° F. 
The pipe line causes a drop in pressure of 17 lb. per sq. in. and the throttle valve 
further reduces the pressure to 385 lb. per sq. in. abs. The exhaust pressure on the 
turbine is maintained at 1 in. Hg abs. Assuming no radiation loss, find the per cent 
loss of energy available in the turbine due to throttling (a) in the pipe line and 
(6) in the valve. Ans. (a) 0.45. (6) 0.34. 

16. In a plant operated on the Rankine cycle steam is supplied the prime mover 
at a pressure of 600 lb. per sq. in. abs. and with a superheat of 280° F. The con- 
denser pressure is 1.2 in. Hg abs. and the volume of saturated water at this pressure 
is 0.016 cu. ft. per Ib. Find (a) the energy that could be delivered by each pound 
of steam passing through an ideal prime mover; (b) the difference between the 
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result of (a) and the net work of this Rankine steam cycle; (c) the efficiency of 
this steam cycle. Ans. (a) 505.7 B.t.u. (6) 1.78 B.t.u. (c) 37.8 per cent. 


17. Suppose a boiler supplies dry saturated steam at 247.1 Ib. per sq. in. abs. 
to an engine which exhausts the steam at 0.946 Ib. per sq. in. abs. The volume of 
the saturated liquid corresponding to this exhaust pressure is 0.016 cu. ft. per lb. 
If this plant operates on a Rankine vapor cycle, find (a) the net work of the cycle 
per pound of steam and (b) the efficiency of the cycle. (c) The same as (a) and (b) 
except the plant is supposed to operate on the Carnot cycle. (d) What advantage 
has each cycle as shown by these results. 

Ans. (a) 349.8 B.t.u. (6) 30.85 per cent. (c) 288.5 B.t.u; 34.9 per cent. 


18. A certain steam-power plant operating on the Rankine vapor cycle averages 
for one year a kilowatt-hour at the switchboard for every 1.52 lb. of coal which has a 
higher heating value of 12,900 B.t.u. per lb. The average steam pressure is 235 lb. 
per sq. in. abs. and the average steam temperature is 600° F. The exhaust pressure 
averages 1.2 in. Hg abs. Find (a) the plant thermal efficiency, and (6) the ratio 
of this efficiency to the ideal vapor cycle efficiency, ignoring the feed pump work. 

Ans. (a) 17.4 per cent. (6) 0.527. 


19. For the throttle steam as specified in problem 7, and assuming that the 

/ steam is used non-expansively, (a) find what per cent increase in the corresponding 

i engine cycle efficiency would result if the back pressure were reduced from 15 lb. 

per sq. in. abs. tol in. Hgabs.? (b) Find the per cent increase in the net work of the 

ideal engine for the same conditions. (c) Comparing the results of this problem 

with those of probiem 7, in which type of plant would the investment required 
to bring about this reduction in back pressure be the more justified? 

LN, (G)). = BOP (OY abs: 


20. A reciprocating engine operating on the non-expansion cycle is supplied 
with steam at a pressure of 117 lb. per sq. in. abs. and with a superheat of 63° F. 
The back pressure is 16 lb. per sq. in. abs. During a test at constant load the average 
indicated horsepower is 27.6 and the total consumption of steam is 1250 lb. per hr. 
If the mechanical efficiency is 85 per cent, find (a) the indicated thermal efficiency, 
(b) the brake thermal efficiency, (c) the ideal steam rate, and (d) the indicated 
engine efficiency. 

Ans. (a) 5.4 per cent. (b) 4.59 per cent. (c) 32.3 lb. per hp-hr. (d) 71.5 
per cent. 

21. (a) For the data in problem 20 what would be the indicated engine efficiency 
if the Rankine engine cycle were used as the standard? (b) If you were a manu- 

, facturer of steam engines, which manner of calculating the indicated engine efficiency 
would you prefer? Why? Ans. (a) 37 per cent. 

22. Steam is taken by three different pipes from a main in which the pressure is 
200 Ib. per sq. in. abs. and the superheat is 100° F. The first pipe leads to a steam 
turbine, the second to a non-expansion engine, and the third to a throttling valve. 
The discharge from each device is at a pressure of 14.7 lb. per sq. in. abs. The 
brake engine efficiency of the turbine is 75 per cent, and for the reciprocating engine 
it is also 75 per cent when referred to the non-expansion ideal. Assuming no loss 
due to radiation or conduction, find the volume, the entropy, and the heat content 
of each pound of steam as it is discharged from (a) the turbine, (b) the reciprocating 
engine, and (c) the throttling valve. 

Ans. (a) 25.5 cu ft., 1.688, 1104.6 B.t.u. (6) 30.2 cu. ft., 1.809, 1188.5 B.t.u. 

(c) 36.4 cu. ft., 1.893, 1257 B.t.u. 
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23. In a power plant, steam having a pressure of 135 lb. per sq. in. abs. and a 
superheat of 100° F., is supplied to an engine. The steam is used non-expansively 
and is exhausted at 5 lb. per sq. in. abs. At this pressure the specific volume of the 
saturated liquid is 0.0164 cu. ft. per Ib. For the corresponding ideal vapor cycle find 
(a) the net work per pound of steam, (b) the efficiency, (c) the feed pump work 
per pound of water, and (d) the specific volume of the steam at the end of the free 
expansion. (e) In this ideal cycle the feed pump work is what proportion of the 
net work? (f) If this plant were operated on the ideal Rankine vapor cycle, the 

» feed pump work would be what portion of the net work? 
Af Ans. (a) 92.7 B.t.u. (b) 8.31 per cent. (c) 0.394 Btu. (d) 79.5 cu. ft. 

La (e)_0.425 per cent. (f) 0.164 per cent. 

i 24. An 8 X 18 in. single-cylinder double-acting steam engine is tested with dry 
saturated steam supplied at 115 lb. per sq. in. abs. and with the back pressure 
maintained at 14.5 lb. per sq. in. abs. This engine runs 100 cycles per minute per 
cylinder end and, when delivering 23 hp., the indicator diagrams show a ratio of 
expansion of 3.5, and an average mean effective pressure of 55 lb. per sq. in. 
The steam consumption is 575 lb. per hr. Find (a) the indicated horsepower, (b) 
the pounds of steam per indicated horsepower-hour, (c) the pounds of steam per 
brake horsepower-hour, (d) the mechanical efficiency, (e) the brake thermal efh- 
ciency, (f) the brake engine efficiency referred to the Rankine and also to the 
incomplete expansion cycle. 

Ans. (a) 25.2. (6) 22.8. (c) 25. (d) 91.3 per cent. (€) 10.1 per cent. 
(f) 67.4 per cent; 72.5 per cent. 


25. An engine operating on the incomplete expansion cycle has steam supplied 
at a pressure of 400 Ib. per sq. in. abs. and with a superheat of 160° F. The back 
pressure is 60 Ib. per sq. in. abs., the engine exhausting into process heating mains. 
The ratio of expansion in the engine is 3 and the brake engine efficiency is 65 per cent. 
For the purpose of this problem it may be assumed without serious error that all of 
the engine losses appear in the exhaust steam. If the process steam in condensing 
to a saturated liquid at 60 lb. per sq. in. abs. must give up 3,000,000 B.t.u. per hour, 
find (a) the brake horsepower of the engine, and (b) the area of the exhaust steam 
main in square inches to give an average velocity of 1000 ft. per min. to this process 
steam. Awe, (C)) BVT (O) BOs 

26. A four-cylinder, 14 X 16 in. double-acting steam engine is supplied with 
saturated steam at 140 lb. per sq. im. abs., and exhausts against a back pressure of 
14.5 lb. per sq. in. abs. This engine is direct-connected to an electric generator. 
When tested under various loads, but at the constant speed of 300 r.p.m., which 
is maintained by the governor’s regulation of the point of “cut off,” this com- 
bined unit shows the following performance: 


Steam Used, : Output of Ratio of 
Indicated ; 
Pounds per Hoe Generator, | Expansion 
Hour P Kilowatts of Steam 
4,360 212 100 4.7 
7,140 351 200 4.2 
9,910 492 300 BoZ 
13,120 635 400 Bind 
| 
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Using a tabulated scheme of calculation, find the steam rate, (a) in pounds per 
indicated horsepower-hour, (b) in pounds per kilowatt-hour of generator, (c) of the 
corresponding ideal engine. Also find (d) the engine cycle efficiency, (e) the com- 
bined thermal efficiency, and (f) the combined engine efficiency. (g) Plot on one 
sheet the results of parts (a) to (f), inclusive, with the output of the generator as the 
abscissa. 
Ans. (a) 20.55, 20.3, 20.1, 20.7 Ib. per ichp-hr. (6) 43.6, 35.7, 33.0, 32.8 Ib. 
perk w-hr. (c) 16.03, 16.4, 16.9, 17.7 Ib. per hp-hr. (d)15.63, 15.3, 14.85, 14.15 
wees (e) 7.72, 9.48, 10.2, 10.26 per cent. (f) 49.3, 61.6, 68.7, 72.5 per cent. 


27. The steam in an ideal reciprocating engine operating on the incomplete 
expansion cycle has a pressure of 6 lb. per sq. in. abs. and a quality of 92 per cent at 
release. (a) If the condenser pressure be assumed constant at 2 in. Hg abs., find 
the heat removed by the condenser from each pound of steam coming from this ideal ~ 
engine. (b) Would the condenser of a real engine operating with the same throttle 
conditions, the same ratio of expansion, and the same condenser pressure, have 
to remove a greater or smaller amount of heat per pound than in (a)? Why? 

Ans. (a) 931.7 B.t.u. 


28. In a power plant steam at a pressure of 200 lb. per sq. in. abs. and with a 
superheat of 125° F’, is supplied to an engine in which it expands to a release pressure 
of 42 lb. per sq. in. abs. The condenser maintains a back pressure of 2 lb. per sq. in. 
abs. Neglecting the feedpump work, find, for the corresponding ideal incomplete 
expansion cycle, (a) the net work, (b) the efficiency, (c) the ratio of isentropic 
expansion, (d) the loss of the net work due to incomplete expansion, and (e) the 
quality or superheat of the steam at the end of the free expansion. 

Ans. (a) 275.7 B.t.u per lb. (6) 23.4 per cent. - (c) 10.53. (d) 51.5 B.t.u. 

per Ib. (@) 88.3 per cent. 

29. Steam at a pressure of 185 lb. per sq. in. abs. and superheated 104° F. is used 
in a power plant so arranged that the ratio of expansion in the engine cylinder is 7. 
The exhaust pressure is 5 lb. per sq. in. abs. Neglecting the feedpump work, find, 
for the corresponding ideal incomplete expansion cycle, (a) the net work, (b) the 
efficiency, and (c) the gain in the specific entropy of the steam during the free expan- 
sion. Ans. (a) 233.6 B.t.u. per lb. (6) 20.75 per cent. (c) 0.05. 


30. In a certain industrial plant saturated steam is available from a boiler at a 
ee of 209 lb. per sq. in. abs., and a condenser maintains a pressure of 4 Ib. per 
Y sq. in. abs. Assume that an ideal engine is interposed between this boiler and con- 

denser, and that it uses { lb. of steam per cycle and makes 300 cycles per minute. 
Neglecting the feedpump work, draw the PV- and 7'¢-diagrams to scale for the 
Rankine vapor cycle for these conditions, and find (a) the cycle efficiency, (b) the 
ideal steam rate, (c) the ideal horsepower, and (d) the horsepower per cubic foot of 
piston displacement for ideal conditions. 

Ans. (a) 24.55 per cent. (b) 9.62 Ib. per hp-hr. (c) 467. (d) 25.55. 

31. The same as problem 30, except that the ideal engine is now assumed to 

operate on the incomplete expansion cycle with a ratio of expansion of 5. 
Ans. (a) 18.37 per cent. (6) 12.88 lb./hp-hr. (c) 350. (d) 122.7. 

32. The same as problem 30, except that the ideal engine now uses the steam 

non-expansively. What is the significance of problems, 30, 31 and 32? 
Ans. (a) 7.65 per cent. (b) 30.85 lb. per hp-hr. (c) 145.8. (d) 255.5. 

33. Suppose that in each of the three preceding problems the actual engine has 

a brake engine efficiency of 65 per cent for problem 30, 67 per cent for problem 31, 


460 PROBLEMS 


and 68 per cent for problem 32. Find for each case (a) the actual steam required 
per brake horsepower-hour, and (b) the brake thermal efficiency. 
Ans. (a) 14.78, 19.21, 45.4 lb. per b.-hp-hr. (6) 15.97, 12.28, 5.2 per cent. 


CHAPTER XVIII 


1. In a power plant, steam at a pressure of 400 lb. per sq. in. abs. and a tempera- 
ture of 700° F. is supplied by the main boilers. After expansion in the turbine until 
the pressure is reduced to 80 lb. per sq. in. abs., the steam is reheated to 700° F. 
Upon completing the expansion in the turbine, the steam is exhausted at 1 in. Hg abs. 
(a) For the corresponding ideal vapor cycle, find the cycle efficiency. (b) If the 
steam were not reheated, what would be the corresponding Rankine vapor cycle 
efficiency? (c) What is the chief advantage due to the reheating? 

Ans. (a) 37.4 per cent. (b) 36.5 per cent. 


2. A 35,000 kw. turbine-generator is designed to operate on the reheating cycle 
with one reheat. The steam is supplied at the turbine throttle with an absolute 
pressure of 550 lb. per sq. in. and with a temperature of 700° F. When operating at 
the rated load the steam leaves the turbine for reheating at an absolute pressure of 
135 lb. per sq. in. and a temperature of 426° F. The steam is returned to the 
turbine at an absolute pressure of 125 lb. per sq. in. and a temperature of 700° F. 
The back pressure is 1 in. of Hg abs. Under these conditions, the turbine-generator 
shows a steam rate of 7.9 lb. per kw-hr. Find, for the corresponding ideal unit, 
(a) the ideal steam rate, and (b) the cycle efficiency. For the actual unit, find 
(c) the combined thermal efficiency, and (d) the combined engine efficiency. 
(e) Why is the combined steam rate considerably lower than for a turbine-generator 
operating on the Rankine cycle with the same throttle conditions and same back 
pressure? (f) Is the thermal efficiency of this unit to be compared with that of the 
Rankine by their ratio of steam rates? Why? 

Ans. (a) 6.06 lb. per kw-hr. (6) 38.3 percent. (c) 29.9 percent. (d) 78 per cent. 

3. In a paper presented to the American Society of Mechanical Engineers at the 
annual meeting in 1925, C. D. Zimmerman gave the following data from a test 
conducted at the Lake Shore Station of the Cleveland Electric Illuminating Co. 
The turbine-generator delivered 29,760 kw. with a throttle flow of 307,590 Ib. of 
steam per hr. under the following conditions: abs. pressure at the throttle = 245 lb. 
per sq. in.; superheat at the throttle = 252 deg. fahr.; abs. pressure at exhaust 
= 0.964 in. Hg; abs. pressure at the one bleeding point, = 28.73 in. Hg; tempera- 
ture of the feedwater leaving the bleeder heater = 163° F. For the corresponding 
ideal unit find (a) the per cent of the throttle steam that is bled at the one stage, 
(b) the net work from each pound of throttle steam, (c) the ideal steam rate, and 
(d) the cycle efficiency. For the actual unit find (e) the combined steam rate, 
(f) the combined thermal efficiency, and (g) the combined engine efficiency. 

Ans. (a) 12.62. (b) 419.1 B.tu. (c) 8.14 per kw-hr. (d) 36.05 per cent. 

(e) 10.34 lb. per kw-hr. (f) 27.8 per cent. (g) 75.7 per cent. 

4. The unit described in Problein 3, when tested without bleeding, showed the 
following performance when delivering 29,850 kw. with a throttle flow of 298,510 Ib. 
of steam per hr.: abs. pressure at the throttle = 248 lb. per sq. in.; superheat at 
the throttle = 259 deg. fahr.; abs. pressure at exhaust = 1 in. Hg. Find (a) the 
ideal steam rate, (b) the ideal cycle efficiency, (c) the combined steam rate, (d) the 
combined thermal efficiency, and (e) the combined engine efficiency. (f) What effect 
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does bleeding have on the combined thermal efficiency and also on the combined 
engine efficiency? Discuss. 

Ans. (a) 7.7 lb. per kw-hr. (b) 34.2 per cent. (c) 10.0 lb. per kw-hr. (d) 26.3 

per cent. (e) 7J.9 per cent. 

5. A turbine-generator rated at 30,000 kw. is arranged for bleeding at four 
points during the expansion of the steam. When the generator is delivering 
24,725 kw., 267,500 lb. of steam per hour are required at a throttle pressure of 380 lb. 
per sq. in. abs. and at a temperature of 700° F., the back pressure being 1.5 in. Hg abs. 
The steam pressure at the bleeding nozzles are respectively 90, 46.4, 19.6, and 6.1 lb. 
per sq. in. abs. Sufficient steam is bled to make the temperature of the feedwater 
leaving the high pressure heater equal to 310° F. For the corresponding ideal unit, 
find (a) the per cent of the throttle steam that is bled at each point in the expansion, 
(6) the net work from each pound of throttle steam, (c) the ideal steam rate, and 
(d) the cycle efficiency. For the actual unit, find (e) the combined steam rate, 
(f) the combined thermal efficiency, and (g) the combined engine efficiency. 

Ans. (a) 4.7, 4.95, 5.4, 6.95. (b) 409.8 B.t.u. (c) 8.32 lb. per kw-hr. (d) 38.4 

per cent. (e) 10.8 lb. per kw-hr. (f) 29.3 per cent. (g) 76.2 per cent. 

6. Suppose the reheating unit described in Problem 2 has incorporated in it three 
regenerative heaters one of which takes steam at the point where it leaves the turbine 
for reheating. At the rated load, it may be assumed that the condition of the steam 
at the turbine after reheating and also the exhaust pressure are the same as in 
Problem 2. At this load, the absolute pressures at the last two bleeding nozzles are 
respectively 25 and 5 lb. per sq. in. The combined steam rate is now 9.0 lb. per 
kw-hr. and the weight of steam bled before reheating is 8.8 per cent of the throttle 
flow. This results in the feedwater leaving the last heater at an actual temperature 
of 330° F. Find, for the corresponding ideal unit (a) the portion of the throttle 
steam that is bled to each of the three heaters, (b) the ideal steam rate, and (c) the 
cycle efficiency. For the actual unit, find (d) the combined thermal efficiency and 
(e) the combined engine efficiency. 

Ans. (a) 11.28, 6.48, and 6.57 per cent. (b) 6.96 Ib. per kw-hr. (c) 41.75 per 

cent, (d) 32,2 percent, (¢) 77.1 per cent, 


CHAPTER XIX 


Note.—In all the problems of this chapter the valve events are designated by 
the per cent of stroke measured from the admission end of the cylinder. 


1. An 8” X 10” double acting steam engine running 150 r.p.m. has a clearance 
of 7 per cent and the compression begins 25 per cent before the end of the stroke. 
If the pressure at the start of compression is 6 lb. per sq. in. abs., find the weight of 
cushion steam. Ans. 0.0015 lb. 

2. A 16” x 24’ double acting steam engine running 120 r.p.m. has a clearance of 
4 per cent and cut-off occurs at 15 per cent of the stroke. Find the quality of the 
steam at cut-off if the pressure at that point is 118 lb. per sq. in. abs., and if the 
weight of steam present during expansion is 0.21 Ib. Ans. 66.4 per cent. 

3. An 8” X 10” double acting steam engine running 300 r.p.m. with cut-off 
taking place at 15 per cent of the stroke, and at a pressure of 120 lb. per sq. in. abs., 
requires 35 lb. of steam per i-hp-hr. when supplied with dry saturated steam. Com- 
pression begins 40 per cent before the end of the stroke at a pressure of 5 lb. per 
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sq. in. abs. The clearance is 10 per cent. If this engine delivers 27 hp. and has a 
mechanical efficiency of 90 per cent, find the quality of the steam at cut-off. 
Ans. 62.7 per cent. 

4. A 12” X 24” single cylinder double-acting steam engine is tested when deliver- 
ing 120 hp. The speed of the engine is 150 r.p.m. The clearance is 6 per cent, 
cut-off occurs at 47 per cent of the stroke and compression begins 15 per cent before 
the end of the stroke. (a) If the absolute pressure at cut-off is 109 lb. per sq. in., 
the quality at cut-off is 94 per cent and the absolute pressure at the beginning of 
compression is 15 lb. per sq. in., find the brake steam rate of the engine. (6) Inan 
engine test why cannot this method of finding the steam rate ordinarily be used? 

Ans. (a) 30.7 lb. per b.hp-hr. 

5. A four cylinder, double acting, 14’ 16” uniflow engine gives by test the 
following data: absolute pressure of saturated steam at throttle = 140 lb. per sq. in., 
weight of steam = 15,200 lb. per hour, speed = 300 r.p.m., indicated hp. = 650, 
absolute back pressure = 20 lb. per sq. in., per cent clearance = 22, per cent 
release = per cent compression = 89, per cent cut-off = 17.5, absolute pressure at 
compression = 20.4 lb. per sq. in., absolute pressure at cut-off = 130 lb. per sq. in., 
absolute pressure at release = 47.6 lb. per sq. in., and during the expansion period 
the absolute pressures at 30, 50 and 70 per cent of the stroke are, respectively, 100, 
74 and 58 lb. per sq. in. Find (a) the weight of cushion steam, (b) the weight of 
cylinder feed, (c) the quality at cut-off, release, and at the three intermediate points. 
(d) Plot the quality curve using the per cent of piston displacement as the abscissa. 

Ans. (a) 0.08 lb. (6) 0.1054 1b. (c) 87.9, 95.5, 90.1, 93.6, 95.2 per cent. 

6. Give the chief advantage and the chief disadvantage of compounding the 
steam engine. 

7. What effect does superheated steam have on the rate of heat transfer between 
the steam and cylinder walls? Why? 

8. What is the purpose of modifying the uniflow engine by the introduction 
of auxiliary exhaust valves? 

9. How does the floor space of a uniflow engine compare with (a) counterflow 
simple engine of the same capacity? (6) a counterflow cross-compound engine of 
the same capacity? 

10. Why are condensing uniflow engines often equipped with automatically 
controlled or hand controlled auxiliary clearance volumes? 

11. It is desired to build a single cylinder, double acting, simple engine, to 
develop 75 i.hp. when supplied with steam at an absolute pressure of 140 lb. per sq. in. 
and operating with an absolute back pressure of 2 lb. per sq. in. The speed is 200 
r.p.m. and the per cent cut-off at rated load isy20. Assuming a diagram factor of 
0.85 and a ratio of J/d of about 1.25, find the size of the engine. 

Ans. 103” & 134”. 

12. If the engine described in Problem 11 is governed by throttling the steam 
without changing the point of cut-off, find the pressure to which the steam must be 
throttled if the load is reduced to 40 i.hp., assuming that the other factors are 
unchanged. Ans. 76.4 Ib. per sq. in. abs. 

18. It is desired to build a compound engine with its low- and high-pressure 
cylinders double acting. This engine is to develop 600 ihp. when using steam 
having an absolute pressure of 150 Ib. per sq. in. and an absolute back pressure of 2 lb. 
per sq.in. The speed of the engine is 150 r.p.m. and the piston speed in each cylinder 
is 750 ft. per min. If the cylinder ratio is to be 4 and the total ratio of expansion 12, 
find the size of the engine assuming a diagram factor of 0.8. Ans. 16’, 32’ x 30”. 


APPENDIX. 


USE OF COMMON LOGARITHMS FOR SPECIAL CASES. 


CasE I. To DETERMINE THE 2TH POWER OF A NUMBER 
Less THAN UNITY. 

Example: Find 0.5! by logs. 

In general logi V" = n logiV; and in this case V = 0.5 and 
Ho 155. 

From the tables logi 0.5 = 9.6990 — 10, 

Then, 1.55 logi 0.5 = 1.55 (9.6990 — 10) = 15.033450 — 15.5 
Subtract 5.5 to reduce the negative part of 

the characteristic to 10, 5.5 — 5.5 


Log. of answer = 9.533450 — 10.0 
Corresponding number = 0.342 = 0.5155, 


(Note that a fraction raised to a power greater than unity 
gives a result less than the original fraction.) 
Case II. To DETERMINE THE 1TH Root oF A FRACTION. 


Example: Given V!* = 0.75; Find V. Evidently, — 


login V = logio (\Y0.75) = logo (ores) = (logic 0.75) + 1.5, 
which is in the general form of logy V = (logio C) + 1, 
where C= 0.75 aud 2°=,1.5. 

From the tables logy 0.75 = 9.8751 — Io. 


ems CoCo) 075M 0) 655s aleee, 
jt 15 
Add 3.334 to raise the negative part 
of the characteristic to 10, 3.3340 — 3.334 


Log. of V = 9.9173 — 10.000 


The corresponding number is 0.8266 which is \/0.75. 
4163 
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TABLE A.— COMMON LOGARITHMS (Log). 


Ww 
abs 
wn 

Lal 

8 

bot 
oO 
wn 
obs 

hy 


Io | C090 )«=—(0043, «0086 «60128 «60170 | O212 0253 O204 O334 C374 | 42 
II | O414 0453 0492 0531 0569 | O607 0645 0682 O79 O755 | 38 
12 | 0792 0828 0864 0899 0934 | 0969 00g 038 TO7T2 TOO | 35 
13 | 1139 1173 1206 1239 1271 | 1303 1335 32367 1300 1430 | 32 
14 | 1461 1492 31523 1553 1584 | 1614 3644 1673 1703 1732] 30 


15 | 1761 3790 1818 1847 1875 | 1903 1931 1959 O87 201g | 28 
16 | 204% 2068 2005 2122 2148 | 2175 220% 2227 2253 2270 | 26 
17 | 2304 2330 2355 2380 2405 | 2430 2455 2480 2504 2520 | 25 
18_|-2553 2577 2601 2625 2648 | 2672 2695 2718 2742 2765 | 24 
19 | 2788 2810 2833 2856 2878 | 2900 2923 2045 2067 2089 22 


20 | 3010 3032 3054 3075 3096 | 3118 3139 3r60 3181 3201 | 27 
21 | 3222 3243 3263 3284 3304 | 3324 3345 3365 3385 3404 | 20 
22 | 3424 3444 3464 3483 3502 | 3522 3542 3500 3570 3508 | 1 
23 a 363° 3655 3674 ae 3711 3729 3747 3766 S784 | 9 
3 5 7 2 3 3027 3045 3062 s 

_24 | 3802 3820 3838 3850 3874 [3992 3909 S027 SU4S 3982) 2 
25 | 3079 3907 4014 4032 4048 | 4065 4082 4009 4116 4133 | Ty 
26 | 4150 4166 4183 4200 4216 | 4232 4249 4265 428m 4208 | 16 
27 | 4314 4330 4346 4362 4378 | 4303 4409 4425 4440 4456 | 36 
28 | 4472 4487 4502 4518 4533 | 4548 4564 4579 4504 4609 | x5 
29 | 4624 4639 4654 4669 4683 | 4698 4713 4728 4742 4757 | 15 
786 4800 4814 4829 | 4843 4857 4871 4886 4gQ00 | 14 

4928 4042 4955 4069 | 4983 4007 50rr S024 so38 | 14 

5065 5079 $092 SIO5 | 5119 5132 5145 SISO SI72 | 13 

5198 $21 5224 5237 | 5250 5263 5276 5289 $302] 13 

5328 5340 5353 5366 | 5378 S30 5403 5416 5428 | 13 

5453 5465 5478 5490] 5502 5514 5527 5530 S55t | x2 

5575 5587 5599 561r | 5623 5635 5047 5658 S670] z2 

5694 5705 5717 5729 | 5749 5752 $763 S775 5786 | x2 

5809 5821 5832 5843 | 5855 5866 S877 S888 S800 | 22 

5922 5033 5044 5955 | 5066 50977 5088 S000 Goro | x 

6031 6042 6053 6064 | 6o75 6085 Good Groy Gxr7 | 41 

6138 6149 6160 6170 | 6180 G6roqr 620r 6212 6222 | xo 

6243 6253 6263 6274 | 6284 6204 6304 6314 6325 | 10 

345 6355 6365 6375 | 6385 6305 G405 G4r5 6425 _— 

6444 6454 6404 6474 | 0484 6403 6503 6513 6522 | 10 

6542 6551 6561 6571 | 6580 6590 6509 6609 6628 | x0 

6637 6646 6656 6665 | 6675 6684 6603 6702 6712 9 

6730 6739 6749 6758 | 6767 6776 6785 S704 6803] o 

682r 6830 6839 6848 | 6857 6866 6875 6884 683 re) 

6911 6920 6928 6037 | 6046 Go53 6064 Go72 G08] 9Q 

6998 7007 7016 7024 | 7033 7O42 7oOSO 7oOSQ 7ob7] 9o 

084 7093 7ior 7iio | 7118 7126 7135 7143 7I52 3 

168 7177 7385 7193 | 7202 7210 7218 7226 7235 8 

7251 7259 7267 7275 | 7284 7202 7300 7308 7316] 8 

7332 7340 7348 7356 | 7364 7372 7380 7388 7306] 8 


APPENDIX 
TABLE A. (Concluded). —COMMON LOGARITHMS 


No.| o I 2 3 4 5 6 7 8 


7427 
7505 
7582 
7657 
7731 


7803 
7875 
7945 
8014 
8082 


7435 
7513 
7589 
7664 
7738 


7810 
7882 
7952 
8021 
8089 


8156 
8222 
8287 
8351 
8414 


8476 
8537 


8507 
8657 
8716 


8774 
8831 
8887 
8943 
8998 


7443 
7520 
7597 
7672 
7745 


7818 
7880 
7959 
8028 
8096 


8162 
8228 
8293 


8357 
8420 


8482 
8543 
8603 
8663 
8722 


7451 
7528 
76.04, 
7679 
7752 


7825 
7896 
7966 


8035 
8102 


8169 
8235 
8299 
8363 
8426 


8488 
8549 
8609 
8669 


8727 


8785 
8842 
8899 


8954 
goog 


9063 
QI17 
9170 
9222 
9274 


9325 
9375 
9425 
9474 
9523 


9571 
9619 
9666 
9713 
9759 


9805 
9850 
9894 
9939 
9983 


7459 
7536 
7612 
7686 


7760 


7832 
7923 
7973 
8041 
8109 


8176 
8241 
8306 
8370 
8432 


8494 
8555 
8615 
8675 


8733 


8791 
8848 
8904 
8960 
gels 


9069 
gi22 
9175 
9227 
9279 


9330 
9380 
943° 
9479 
9528 


9576 
9624 
9671 
9717 
9763 


9809 
9854 
9899 
9943 
9987 


8149 
8215 
8280 
8344 
8407 


8470 
8531 
8591 
8651 
8710 


8768 
8825 
8882 
8938 
8993 


9047 
gIoI 
9154 
9206 
9258 


9309 
9360 
9410 
9460 
95°09 


9557 
9605 
9652 
9699 
9745 


9791 
9836 
9881 
9926 
9969 


8779 
8837 
8893 
8949 
9004 


9058 
QIi2 
9165 
9217 
9269 


93290 
9379 
9420 
9469 
9518 


9566 
9614 
9661 
9708 
9754 


9800 
9845 
9890 
9934 
9978 


9°53 
9106 
9159 
9212 
9263 


9315 
9365 
9415 
9465 
9513 


9562 
9609 
9657 
9793 
975° 


9795 
9841 
9886 
9930 
9974 


Napierian log, = 2.302 logy. 


(Logio). 
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TABLE B.—NAPIERIAN LOGARITHMS (loge). 
(Also Called Hyperbolic or Natural Logarithms) 


No 0 1 2 3 4 5 6 7 8 9 

1.0 |0.0000 oI100 o198 0296 0392| 0488 0583 0677 0770 0862 
pit C053) 1044, 1133) 1222, ero 1305) 14545 5 708 LOS 540 
Tee, 1823 1906 1989 2070 2151] 2231 231 2390 2469 2546 
Tes 2O2 Amz OON 82770 255 20 2027 aCOL sO 7.GtmES TAS mS 2 21 mez 208 
1.4 | 3365 3436 3507 3577 3646/3716 3784 = 3853. 3920 = 3988 
1.5 ]o.4055 4121 4187 4253 4318) 4383 4447 4511 4574 4637 
TO 4700 4762 4824 4886 4947] 5008 5068 5128 5188 5247 
T.7 | 5306 5365 5423 5481 5539] 5596 5653 5710 5766 5822 
1.8 5878 5933 5988 6043. 6c98} 6152 6206 6259 6313 6366 
1.9 | 6410 6471 6523 6575  6627| 6678 67290 46780 6831 688% 
Pye) Hoya (Tojepn eyoshe yxeehe ) Grersley §  FAwXO\| Gass Gey GOS Geer WEEP 
2.1 | 7419 7467 7514 7561 7608} 7655 7701 7747 7793 7839 
22 7885 7930 7075 8020 8065] 8109 8154 8198 8242 8286 
De} 8329 8372 8416 8459 8502} 8544 8587 8629 8671 8713 
2.4 | 8755 8796 8838 8879 892c] 8961 go002 9042 9083 9123 
2.5 |0.9163 9203 9243 9282 9322] 9361 9400 9439 9478 9517 
2.6 | 9555 9594 9632 9670 9708! 9746 9783 9821 9858 9895 
Beli] 9933 9969 1.0006 1.0043 I.0080/1.0116 I.o152 1.0188 1.0225 1.0260 
2.8 |1.0296 0332 0367 0403 0438] 0473 0508 0543 , 0578 0613 
2.9 | 0647 0682 0716 0750 0784) 0818 0852 0886 og19 0953 
30) |PaCOSO 8 1OLO) 1053 LOCO EI TIO MerDS Tame TLOdume kone uarcAO ET OG? 
Bad T304 e340 8s 7 Ose LATOs at 47 2474 TS OOMN alo 27m S OO LOCO 
232 1632 1663 1694 1725 +4756] 1787 41817 1848 1878 1909 
38 1939 1969 2000 2030 2060] 20900 2119 2149 2179 ~@©6©2208 
3.4 2238 2267 2296 2326 2355! 2384 2413 2442 2470 2409 
3.5 |r.2528 2556 2585 2613 2641| 2669 2608 2726 2754 2782 
3.6 2809 2837 2865 2892 2920] 2047 2975 3002 3029 ©3056 
3-7 | 3083 3110 3137 3164 3191) 3218 3244 327% 3207 3324 
3-8 | 3350 3376 3403 3429 3455} 348% 3507 3533 3558 3584 
3-9 | 3610 3635 3661 3686 3712) 3737 3762 3788 3813 3838 
4.0 |1.3863 3888 3913 3038 30962) 3087 4012 4036 4061 4085 
4-1 | 4110 4134 4159 4183 4207| 4231 4255 4279 4303 4327 
4.2 | 4351 4375 4398 4422 4446| 4469 4493 4516 4540 4563 
4-3 | 4586 4609 4633 4656 4679) 4702 4725 4748 4770 4793 
4.4 | 4816 4839 4861 4884 4907| 4929 4951 4974 4996 5019 
4.5 |t.5041 5063. 5085 5107 5129} 5I5I 5173 5195 5217 §239 
4.6 | 5261 5282 5304 5326 5347; 5309 5300 5412 5433 5454 
4-7 | 5476 5497 5518 5539 5560] 5581 5602 5623 5644 5665 
4.8 | 5686 5707 5728 5748 5760] 5790 5810 5831 5851 5872 
4-9 | 5892 5913 5933 5953 5974] 5994 6014 6034 6054 6074 
5.0 |r.6094 6114 6134 6154 6174| 6194 6214 6233 6253 6273 
Sen 6292 6312 6332 6351 6371} 6390 6409 6429 6448 6467 
5.2 | 6487 6506 6525 6544 6563] 6582 6601 6620 6639 6658 
a8 6677 6696 6715 6734 6752] 6771 6790 6808 6827 6845 
5-4 | 6864 6882. 6901 6919 6938} 6956 6974 6993 7oII 7029 
§.5 |1.7047 7066 7084 7102 7120) 7138 7156 7174 7192 7210 
5.6 | 7228 7246 7263 7281 7299] 7317 7334 7352 7370 7387 
5-7 | 7405 7422 7440 7457 7475| 7492 7509 7527 7544 7561 
5.8] 7579 7596 7613 7630 7647) 7664 768 7699 7716 7733 
5.9 | 7750 7706 7783 . 7800 7817| 7834 7851 7867 7884 ‘7901 
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TABLE B. (Concluded)—NAPIERIAN LOGARITHMS (Loge). 
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DADDAN 
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| 


00 00 CO CO 00 
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ooonJdsd 
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No RoR onem @) 
Oo wor OU 


logio @ = 0.4343 logea; loge a = 2.3026 login a; loge o.1 = 0.6974 — 3. 


Examples: loge 2150 = loge 2.15 + 3 X loge 10 = 0.7655 + 3 X 2.3026 
loge 0.00215 = loge 2.15 + 3 X logeo.r = 0.7655 + 3(0.6974 — 3) 
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TABLE C.—PROPERTIES OF SATURATED STEAM 


Abridged from Keenan’s Steam Tables, 1930, by permission of the publishers, 
The American Society of Mechanical Engineers. 

For the saturation temperature and the heat content of the saturated liquid the 
values have been shortened to the nearest tenth of a unit. 


ae Temp. Total 
Volume, Heat Content, oe Entropy, B.t.u. per 
icant Des Cu. Ft. per Lb. | B.t.u. per Lb. oF Deg. Fahr. per Lb. 
Sq. In. | Fahr. Vapori- 
zation, 
B.t.u 


Saturated Liquid) Sat. Sat. Sat. Sat. per Sat. | Vapori-| Sat. 
and Vapor Liquid | Vapor |Liquid} Vapor | Lb. Liquid | zation | Vapor 


p tsat. Vv; Vee hy Nsat. te $1 dy dsat. 
0.0887 32 |0.01602|3301 0.0 1073.4] 1073.4] 0.0000] 2.1834] 2.1834 
One h7, 40 |0.01602/2445 8.1] 1077.1] 1069.1] 0.0162} 2.1397] 2.1559 
0.1780 50 |0.01602|1704.8 18.1] 1081.7| 1063.6] 0.0361] 2.0870] 2.1231 
OPS 58.8/0.01603/1256.9 26.9} 1085.7| 1058.8] 0.0533} 2.0422} 2.0955 
2 g 
0.2561 60 |0.01603/1208.0 28.0) 1086.2] 1058.2] 0.0535} 2.0364) 2.0919 


38.0] 1090.8 
47.1] 1094.9] 1047. 


ool 
° 
On 
nN 
CoN! 


) 
if 
0.5067 | 80 j|0.01607| 633.8 | 48.0] 1095.3] 1047. 
58.5 | 58.0] 1099.8] 1041. 
3 


Co COW 
oo°o 
4 
wn 
il 
co 
\O 
On 
un 
iS) 
io) 
° 
a 
° 


Ci Se) 91.7/0.01610| 445 59-7| 1100.6] 1040. 1147| 1.8877] 2.0024 
Iz Hg 

0.9487 | 100 |o.01613] 350.8 67.9] I104.2| 1036.3] 0.1295] 1.8518} 1.9813 
ages IOI .2/0.01613] 339.5 69:1} 1104.8) 1035.7] 0.1316] 1.8468] 1.9784 
2 g 

I 101 .8/0.01614] 333.9 69.7} 1105.0] 1035.3] 0.1326] 1.8442] 1.9769 
1.274 IIO |0.01616| 265.8 77-9| 1108.6] 1030.8] 0.1472] 1.8095 9567 
1.470 II5 |0.01618| 232.3 82.9] 1110.8} 1027.9] 0.1559] 1.7889] 1.9448 
1.692 120 |0.01620} 203.6 87.9] I113.0] 1025.1] 0.1646) 1.7685] 1.9331 
2 126.1|0.01623]} 173.96] 94.0] III5.6| 1021.6] 0.1750] 1.7442] I.g192 
3 141 .5/0.01630] 118.86] 109.3] 1122.0] LOI2.7] 0.2009} 1.6847] 1.8856 
4 153 .0|0.01636| 90.74] 120.8] 1126.8} 1005.9] 0.2198] 1.6420] 1.8618 
5 162.2/0.01641| 73.61] 130.1] 1130.6} 1000.4] 0.2348] 1.6088] 1.8435 
6 170.1|0.01645} 62.05] 137.9} 1133-7] 995.8] 0.2473] 1.5814] 1.8287 
7 176.8/0.01649| 53.70| 144.7] 1136.4] 991.7] 0.2580] 1.5582] 1.8162 
8 182 .9|0.01652] 47.39] 150.8] 1138.9] 988.1] 0.2674] 1.5379} 1.8053 
9 188.3/0.01656| 42.44] 156.2] I141.0} 984.8] 0.2758] 1.5200] 1.7958 
Io 193.2|0.01658) 38.45] I61.1| 1143.0] 981.8] 0.2834] 1.5040] 1.7874 
II 197.7)0.01661| 35.17] 165.7] 1144.8! 979.1] ©.2903] 1.4894] 1.779 
12 202 .0/0.01664| 32.42] 169.9] 1146.4] 976.5] 0.2968] 1.4760 ae 
13 205.9/0.01666) 30.08) 173.8) 1147.9} 974.1] 0.3027] 1.4636] 1.7663 
14 209.6/0.01669] 28.06) 177.5] 1149.3] 971.8] 0.3082] 1.4521] 1.7604 
14.696 212.0|0.01670| 26.82] 180.0] 1150.2] 970.2] 0.3119] 1.4446] 1.7564 
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TABLE C.—PROPERTIES OF SATURATED STEAM.—(Continued) 


Abs. rere | Total 
Press Vv Latent 
olume, Heat Content, leak Entropy, B.t.u. per 
rt gee be Cu. Ft. per Lb. | B.t.u. per Lb. Deg. Fahr. per Lb. 
Sq. In. | Fahr. Vapori- 
zation, 
B.t.u 1 
Saturated Liquid] Sat. Sat. Sat. Sat. per Sat. | Vapori-| Sat. 
and Vapor Liquid | Vapor |Liquid) Vapor | Lb. | Liquid} zation | Vapor 
p tsat. Vi Vsat. hy Nga. r Pl bv sat 
15 213.0/0.01671! 26.31 | 181.0] 1150.6] 969.6] 0.3134] 1.4414] 1.7548 
16 216.3|0.01673} 24.76 | 184.4] 1151.8) 967.4] 0.3184] 1.4312] 1.7496 
7, 219.4/0.01676] 23.40 | 187.5] 1152.9] 965.4] 0.3230] 1.4218] 1.7448 
18 222.4/0.01678] 22.18 | 190.5] 1154.0] 963.5] 0.3274] 1.4127] 1.7402 
19 225.2/0.01680] 21.08 | 193.3] 1155.0] 961.7] 0.3316] 1.4042] 1.7358 
20 228.0|0.01682| 20.095| 196.1] 1156.0] 959.9] 0.3356] 1.3960] 1.7317 
21 230.6/0.01684| 19.197] 198.7| 1156.9] 958.2] 0.3395} 1.3883] 1.7278 
22 233.1]/0.01685] 18.380] 201.2| 1157.8] 956.6] 0.3431] 1.3809] 1.7240 
23 235.5/0.01687| 17.630] 203.7] 1155.6} 955.0] 0.3466] 1.3738] 1.7204 
24 237.8/0.01689] 16.941] 206.1] 1159.5] 953.4] 0.3500] 1.3670} 1.7170 
25 240.1|0.01690] 16.306] 208.3] 1160.2] 951.9] 0.3533] 1.3604] 1.7137 
26 242.2/0.01692| 15.718| 210.5] 1161.0] 950.4] 0.3564] 1.3542] 1.7106 
27 244.4/0.01694] 15.172] 212.7] 1161.7] 949.0] 0.3594] 1.3481] 1.7075 
28 246.4/0.01695| 14.664] 214.7] 1162.4] 947.7] 0.3624] 1.3422] 1.7046 
29 248.4/0.01697| 14.190| 216.8] 1163.1} 946.3] 0.3652] 1.3365) 1.7018 
30 250.3/0.01698| 13.745] 218.7] 1163.7} 945.0] 0.3680] 1.3310] 1.6990 
32 254.0/0.01701| 12.940| 222.5] 1165.0} 942.5] 0.3732| 1.3206] 1.6938 
34 257.6/0.01704| 12.226) 226.1] 1166.1] 940.0| 0.3783] 1.3107] 1.6890 
36 260.9/0.01707| 11.587] 229.5] 1167.2] 937.7] 0.3830] 1.3014] 1.6844 
38 264.2|0.01710| I1.015| 232.8] 1168.3} 935.5] 0.3876] 1.2925) 1.6800 
40 267.2/0.01712| 10.497] 235.9} 1169.2] 933.3] 0.3919] 1.2840] 1.6759 
42 270.2|0.01715| 10.027] 239.0] 1170.2} 931.2] 0.3961] 1.2759] 1.6720 
44 273.1/0.01717| 9.599] 241.9] LI7I.1| 929.2] 0.4000] 1.2682] 1.6683 
46 275.8|0.01719| 9.207] 244.7] 1171.9] 927.2] 0.4039] 1.2608] 1.6647 
48 278.410.01722| 8.846] 247.4] 1172.7] 925.4] 0.4076) 1.2537] 1.6613 
50 281.0/0.01724| 8.514] 250.0] 1173.5] 923.5] 0.4111] 1.2469] 1.6580 
52 283.5|0.01726| 8.206] 252.5] 1174.3] 921.7] 0.4145] 1.2404] 1.6549 
54 285.9|0.01728] 7.919] 255.0} 1175.0] 920.0] 0.4178) 1.2340] 1.6518 
56 288 .2/0.01730| 7.653] 257.4] 1175.7] 918.3] 0.4210] 1.2279] 1.6489 
58 290.5|0.01732| 7.405| 259.7] 1176.4] 916.6] 0.4241] 1.2220) 1.6461 
60 202m O20 735|m 72 202-0\n Ll 7.0)) 6O15,0)sO, 4270s te 2162! Tt 6434 
62 294.8/0.01737| 6.955] 264.2) 1177.6] 913.4] 0.4300] 1.2107] 1.6407 
64 296.9/0.01739| 6.749] 266.3] 1178.2] 9II.9] 0.4329) 1.2053] 1.6382 
66 299.0/0.01741| 6.556] 268.4) 1178.8) 910.4] 0.4356] 1.2001] 1.6357 
68 301 .0|0.01743| 6.375] 270.5] 1179.4] 908.9] 0.4384] 1.1950] 1.6333 
70 302.9|0.01744] 6.203] 272.5] 1179.9] 907.4] 0.4410] 1.1900] 1.6310 
72 304.8/0.01746| 6.041] 274.5] 1180.5] 906.0) 0.4435] 1.1852] 1.6287 
74 306.7/0.01748] 5.887] 276.4] 1181.0) 904.6] 0.4460] 1.1805] 1.6265 
76 308.5|0.01750} 5.741] 278.3] 1181.5} 903.2] 0.4485] 1.1759] 1.6244 
78 310.3|0.01752| 5.602] 280.1| 1182.0} 901.9] 0.4509] 1.1714] 1.6223 
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TABLE C.—PROPERTIES OF SATURATED STEAM.—(Continued) 


abe Temp. Total 
; Volume, Heat Content, pre Entropy, B.t.u. per 
Lb peepee. Cu. Ft. per Lb. | B.t.u. per Lb. ae Deg. Fahr. per Lb. 
Sq. In. | Fahr. Vapori- 
zation, 
Batu 
Saturated Liquid) Sat. Sat. Sat. Sat. per Sat. | Vapori-| Sat. 
and Vapor Liquid | Vapor |Liquid] Vapor | Lb. | Liquid | zation | Vapor 
p lsat. Vi Vsat hy hsat. if $1 dv Psat 
80 312.0/0.01754| 5.470 | 281.9] 1182.4] 900.5] 0.4532] 1.1670] 1.6202 
82 313.7/0.01756| 5.343 | 283.7] 1182.9] 899.2] 0.4555] 1.1627] 1.6182 
84 315.4|0.01757| 5.222 | 285.4] 1183.4] 897.9] 0.4578] 1.1586] 1.6163 
86 317.1|0.01759| 5.107 | 287.1] 1183.8] 896.7] 0.4599| 1.1545] 1.6144 
88 318.7/0.01761| 4.997 | 288.8] 1184.2] 895.4] 0.4621] 1.1505] 1.6126 
90 320.3/0.01763] 4.892 | 29074] 1184.6] 894.2] 0.4642] 1.1465] 1.6107 
92 321.8/0.01764| 4.791 | 292.1] 1185.0} 893.0] 0.4663] 1.1427] 1.6090 
04 323,.4/0.01766| 4.694 | 293.7] 1185.4] 891.8] 0.4683] 1.1389] 1.6072 
96 324.9]0.01768] 4.602 | 295.2] 1185.8} 890.6] 0.4703] 1.1352] 1.6055 
98 326.4/0.01769] 4.512 | 296.8] 1186.2} 889.4] 0.4723] 1.1316] 1.6038 
100 327.8|0.01771| 4.426 | 298.3] 1186.6} 888.2 0.4742 1.1280] 1.6022 
102 329 .3|0.01773) 4.344 | 299.8] 1186.9} 887.1] 0.4761] 1.1245] 1.6006 
104 330.7/0.01774| 4.265 | 301.3] 1187.3} 886.0] 0.4779] 1.1211] 1.5990 
106 332.1|0.01776| 4.189 | 302.8] 1187.6} 884.9] 0.4798] 1.1177] 1.5974 
108 333-4/0.01777| 4.115 | 304.2] 1188.0} 883.8] 0.4816] 1.1144] 1.5959 
5@ de) 334.810.01779| 4.044 | 305.6] 1188.3] 882.7] 0.4834] I.1III] 1.5944 
115 338.1/0.01783| 3.878 | 309.0] 1189.1] 880.0] 0.4876] 1.1032] 1.5908 
120 341.3/0.01786] 3.725 | 312.4] 1189.8] 877.4] 0.4918] 1.0956] 1.5874 
125 344.3/0.01790] 3.587 | 315.6] 1190.5} 874.9] 0.4958] 1.0882] 1.5840 
130 347 .3|0.01794| 3.451 | 318.7] 1191.2} 872.4] 0.4996] 1.0812] 1.5808 
135 350.2/0.01797| 3.329 | 321.8) 1191.8} 870.0] 0.5034] 1.0743] 1.5777 
140 353-.0|0.01801| 3.216 | 324.7] 1192.4] 867.7] 0.5070) 1.0677] 1.5747 
145 355-8|0.01804} 3.110 | 327.6] 1193.0] 865.3] 0.5105] 1.0612] 1.5718 
150 358.4/0.01808} 3.010 | 330.4] 1193.5] 863.1] 0.5140] 1.0550] 1.5690 
155 361.0/0.01811} 2.917 | 333.2] 1194.0] 860.8] 0.5173] 1.0490] 1.5663 
160 363.5|0.01814| 2.830 | 335.9] 1194.5] 858.7] 0.5205] 1.0431] 1.5636 
165 366.0/0.01818] 2.748 | 338.5] 1195.0] 856.5] 0.5237] 1.0374| 1.5611 
170 368.4/0.01821| 2.671 | 341.0} 1195.4] 854.4] 0.5268] 1.0318] 1.5586 
175 370. 8/0.01824| 2.598.} 343.5] 1195.9] 852.3] 0.5298] 1.0264] 1.5562 
180 373. 1]0.01827| 2.529 | 346.0] 1196.3] 850.3] 0.5327] 1.0211] 1.5538 
185 375-3|0.01830]} 2.463 | 348.4] 1196.7} 848.2] 0.5356) 1.0159] 1.5515 
190 377 -5|0.01833] 2.401 350.8] 1197.0) 846.3] 0.5384] 1.0109] 1.5493 
195 379 -7|0.01836| 2.342 | 353.1] 1197.4] 844.3] 0.5411] 1.0060] 1.5471 
200 381. 8)/0.01839] 2.285 | 355-3] 1197.8] 842.4] 0.5438] I.0012] 1.5450 
210 385 .9|0.01844| 2.180 | 359.8] 1198.4] 838.6] 0.5491] 0.9918] 1.5409 
220 389 .9/0.01850] 2.084 | 364.0] 1199.0] 835.0] 0.5540} 0.9829] 1.5369 
230 393 -7|0.01856) 1.9964] 368.1] 1199.6) 831.4] 0.5588] 0.9743] 1.5332 
240 397.40. 01861] 1.9156] 372.1] 1200.1] 827.9] 0.5635] 0.9661] 1.5295 
250 401 .0]0.01867| 1.8410] 376.0} 1200.5] 824.5] 0.5680] 0.9581] 1.5261 
260 404 .4]0.01872| 1.7723] 379.8] 1201.0] 821.2] 0.5723] 0.9504] 1.5227 
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Abs. Temp. Total 
Press V. Latent 
Do tee olume, Heat Content, Trae Entropy, B.t.u. per 
Eee es Cu. Ft. per Lb. | B.t.u. per Lb. a Deg. Fahr. per Lb. 
Sq. In. | Fahr. Vapori- 
zation, 
B.t.u 
Saturated Liquid] Sat. Sat. Sat. Sat. per Sat. | Vapori-| Sat. 
and Vapor Liquid | Vapor |Liquid] Vapor | Lb. | Liquid | zation | Vapor 
Dp tsat. Vi Vsat. hy hsat. ye Pl pv dsat. 
270 407 .8}0.01877| 1.7083] 383.4] 1201.4] 818.0] 0.5765] 0.9430] 1.5194 
280 411 .1/0.01882| 1.6490] 387.0] 1201.8] 814.7] 0.5805] 0.9357] 1.5163 
290 414.2/0.01887| 1.5934] 390.5] 1202.1] 811.6] 0.5845] 0.9287] 1.5132 
300 417 .3/0.01892] 1.5414] 393.9] 1202.4} 808.5] 0.5883} 0.9220] 1.5102 
320 423 .3]0.0190I| 1.4469] 400.5] 1203.0] 802.5] 0.5957] 0.9089] 1.5046 
340° 429 .0]0. 01910] 1.3630] 406.8] 1203.4] 796.6] 0.6027] 0.8965] 1.4992 
360 434.4]0.01918| 1.2881} 412.8} 1203.7] 790.9] 0.6094] 0.8846] 1.4940 
380 439 .6]0.01927| 1.2208] 418.6] 1203.9] 785.3] 0.6157] 0.8733] 1.4891 
400 444 .6/0.0194 | 1.1601] 424.2] 1204.1] 779.8] 0.6218] 0.8625] 1.4843 
420 449 .4/0.0194 | 1.1047] 429.6] 1204.1] 774.5] 0.67/7] 0.8520] 1.4798 
440 454.0]0.0195 | 1.0540] 434.8] 1204.1] 769.3] 0.6334] 0.8420] 1.4753 
460 458.5)0.0196 | 1.0077] 439.9] 1204.0] 764.1] 0.6388] 0.8322] 1.4711 
480 462 .8/0.0197 | 0.9653] 444.9] 1203.9] 759.0] 0.6441] 0.8228] 1.4670 
500 467 .0/0.0198 | 0.9261} 449.7] 1203.7| 754.0] 0.6493] 0.8137] 1.4630 
600 486.2]0.0202 | 0.7677] 472.3] 1202.1] 729.8] 0.6731] 0.7716] 1.4447 
700 503 .0/0.0206 | 0.6527] 492.9] 1199.7] 706.8] 0.6943] 0.7342] 1.4285 
800 518.2/0.0209 | 0.5653] 511.8} 1196.7] 684.9] 0.7135] 0.7004] 1.4139 
goo 531 .9/0.0213 | 0.4969] 529.5] 1193.3) 663.8] 0.7311] 0.6694] 1.4005 
1000 544.6]0.0217 | 0.4419] 546.0] 1189.6} 643.5] 0.7473] 0.6408] 1.3881 
II00 556.3)0.0222 | 0.3960] 561.7} 1185.6] 623.9] 0.7624) 0.6141] 1.3765 
1200 567.1]0.0226 | 0.3582] 576.5] 1181.4] 604.9] 0.7764] 0.5891] 1.3656 
1300 577 -3|/0.0230 | 0.3259] 590.6] 1177.0] 586.3] 0.7897] 0.5654) 1.3552 
1400 587 .0]0.0235 | 0.2983] 604.3] 1172.4] 568.1] 0.8024) 0.5428) 1.3452 
1500 596.1]0.0239 | 0.2741] 617.5] 1167.6] 550.2] 0.8146] 0.5212] 1.3357 
1600 604.7|0.0244 | 0.2528] 630.2] 1162.7} 532.6] 0.8262] 0.5003] 1.3265 
1800 620.9|0.0254 | 0.2167] 654.7] 1151.8] 497.2] 0.8482] 0.4601] 1.3083 
2000 635.6/0.0265 | 0.1875] 679.0} 1139.0] 460.0] 0.8696) 0.4200] 1.2896 
22.00 649 .2|0.0277 | 0.1623] 703.7] 1123.8] 420.0] 0.8912} 0.3788] 1.2700 
2400 661 .9/0.0292 | 0.1404] 729.4] 1105.8] 376.4] 0.9133] 0.3356] 1.2488 
2600 673 .8/0.0310 | 0.1205| 756.7] 1084.5] 327.8] 0.9364] 0.2892] 1.2257 
2800 684.9|0.0333 | 0.1021] 786.7/ 1058.9] 272.3} 0.9618) 0.2379] 1.1996 
3000 695.2/0.0367 | 0.0844] 823.1] 1025.6} 202.5] 0.9922] 0.1754] 1.1676 
3200 704.9|0.0459 | 0.0601| 887.0} 962.9 75.9| 1.0461] 0.0651] 1.1112 
3226 06.1/0.0522 | 0.0522] 925.0] 925.0 0.0] 1.0785] 0.00 1.0785 
Critical | 
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TABLE D.—SUPERHEATED STEAM 


Abridged from Keenan’s Steam Tables, 1930, by permission of the publishers, 
The American Society of Mechanical Engineers. 


Abs. 
Press., 
Lb. per 
Sq. In. 

(Sat. 


Temp.) 


I 
(101.76) 
2 
(126.10) 
5 
(162.25) 
10 
(193.21) 
15 
(213.03) 
20 
(227.96) 
25 
(240.07) 
30 
(250.34) 
40 
(267.24) 
50 
(281.01) 
60 
(292.71) 
70 
(302.92) 


80 
(312.03) 


Temperature, Degrees Fahrenheit 


400 


54007 


1240.7 
2el707, 


500 


571.3 


1287.2 
2.2218 


255-7 
1240.6 
2.0942 


285.6 
12871 
2.1454 


800 


750.2 


1432.6 


2.3535 


375-1 
1432.5 
22 77h 


1000 


869 . 4 


1535-2 


2.4291 


434-7 
1535.2 
2.2527 


102.19 
1240.2 
1.9930 


114.16 
1286.9 
2.0443 


149.99 
1432.5 
2.1761 


173.83 
1535-1 
Ps PAG 


51.01 
1239.6 


I.gI61 


33-95 
1238.9 
1.8708 


57.02 
1286.4 


1.9676 


37-97 
1286.0 
1.9226 


74.96 
1432.3 
2.0997 


86. 89 
1535-0 
PIG TIA 


25-43 
1238.3 
1.8386 


28.45 
1285.5 
1.8906 


49.95 
1432.1 


2.0550 


37-44 
1432.0 
2.0232 


57-91 
1534-9 


2.1307; 


43.42 
1534.8 
2.0989 


20.30 
1237.6 
1.8134 


22.73 
1285.1 


1.8657 


29.94 
1431.8 
1.9985 


34-73 
1534.7 
2.0743 


16.890 


1237.0 
1.7928 


18.923 
1284.6 
1.8452 


24.94 
1431.6 
1.9783 


12.623 
1235.6 
1.7599 


14.161 
1283.7 
1.8128 


18.686 
1431.3 
1.9464 


10.061 


1234.2 
1.7341 


II.304 
1282.8 


1.7875 


14.934 
1431.0 
1.9217 


28.93 
1534.6 
2.0541 


21.68 


1534.4 
2.0224 


17.337 
1534.1 
1.9977 


8.353 
123278 
Layl2s: 


9.398 
1281.9 
I. 7667 


12.436 
1430.6 
I.QOI4 


af Wee 
1231.4 
1.6945 


8.036 
1280.9 
1.7490 


10.651 


1430.3 
1.8843 


14.440 
1533-9 


1.9775 


12.370 


1533.7 
1.9604 


6.217 


1229.9 
1.6785 


7-015 
1280.0 


in7336 


9-313 
1429.9 


1.8694 


10.817 
1533-5 
1.9456 
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Abs. 
Press., Temperature, Degrees Fahrenheit 
Lb. per | Sym- 
Sq. In bol 
(Sat. 
Temp.) 400 450 500 600 700 800 900 1000 
100 V 4.934] 5.263] 5.585] 6.215} 6.831} 7.439] 8.044) 8.644 
(327.83) h 1226.9] 1252.8] 1278.0] 1327.9] 1378.2] 1429.2) 1480.7) 1533.1 
? 1.6512] 1.6805] 1.7075] 1.7569] 1.8023] 1.8445] 1.8838] 1.9209 
120 V 45077| 4.359| 4.632) 5.162] 5.680) 6.189) 6.693) 7,196 
(341.26) h E223 0|"1 25054 ele 7Ool|el320"5 1377-2] el420n5|) 1ASO. 2) 153207, 
¢ 1.6283] 1.6584] 1.6859} 1.7359] 1.7816] 1.8240] 1.8635] 1.9007 
140 V Be405| ease Uses. OS Ue 4 LOA aS 571 50207) 572s) OMlor 
(353-03) h 1220..5|) 1247 (9) 1274. 1!) 0325.41] 1376.2) 1427.8] 147927) 1532.2 
’ 1.6084) 1.6393] 1.6674] 1.7179] 1.7640] 1.8066] 1.8462] 1.8836 
160 V 3-005] 3.227] 3.440; 3.846; 4-240) 4627) 5.006) 5.385 
(363.55) h Ii aL eloAS Alo 2a eee ee ia 52d orl ln LA7 Om er Sates 
Co) 1.5906] 1.6224] 1.6510] 1.7022] 1.7487] 1.7915] 1.8313] 1.8687 
180 V 2.646] 2.849) 3.041] 3.407} 3.760] 4.105} 4.444] 4.782 
(373.08) h 1213.5] 1242.7] 1270.0] 1322.2] 1374.2] 1426.3] 1478.5] 1531.4 
o 1.5742] 1.6073] 1.6364) 1.6882} 1.7351] 1.7782] 1.8180} 1.8555 
200 V 2B 5S a5 4 7 eee 722s 050!) 3537.0l ars OSol) | 34905) sed. 200 
(381.82) h 1209.8] 1240.0] 1267.9] 1320.8] 1373.1] 1425.6] 1478.0] 1531.0 
Co) 1.5592] 1.5934] 1.6231] 1.6756| 1.7228] 1.7662] 1.8062] 1.8438 
220 V 2122) 29200) 22462) 22760 3)..06219 935347)" 32628) 93003 
(389.89) h 1205.9} 1237.3] 1265.7] 1319.3] 1372.1| 1424.8] 1477.4] 1530.6 
ta) 1.5450| 1.5805] 1.6109] 1.6641] 1.7117] 1.7553] 1.7954] 1.8331 
250 io ae 2.001] 2.149] 2.424] 2.685) 2.938] 3.186) 3.429 
(400.97) Teh Vax popeew: 1232.9] 1262.4] 1317.1} 1370.5] 1423.7| 1476.6] 1530.0 
Dam rece yon ee 1.5627| 1.5944] 1.6483] 1.6966) 1.7406] 1.7810) 1.8188 
300 Veh ees. 02 1.6347] 1.7648] 2.002] 2.224] 2.438! 2.646) 2.849 
(417.33) [ON aes eeer 1225.3] 1256.7] 1313.3] 1367.8] 1421.7] 1475.1] 1528.9 
Ci See Wa, Rear ae 1.5359| 1.5695] 1.6256) 1.6747) 1.7193] 1.7601] 1.7983 
350 ial Eee 1.3712] 1.4899] 1.7003] 1.8945} 2.080] 2.260] 2.435 
(431.71) [ple ee See 1217.1} 1250.7] 1309.4] 1365.1] 1419.8) 1473.6] 1527.9 
BO etre DS ULL 1.6059] 1.6561] 1.7012} 1.7424] 1.7809 
g 5117 5477 5 
400 Vow line fe 1.1726] 1.2828] 1.4740] 1.6472] 1.8119} 1.9704] 2.125 
(444.58) eee ae T2O80C | MLe4 Gl enGOsp hel gO2e3 IA. 7| Aye aller 52608 
Cie | hears Oita e 1.4892] 1.5276] 1.5884] 1.6396] 1.6854] 1.7270) 1.7658 
450 ti lah Se eel aes a, 1.1204] 1.2972] 1.4548] 1.6032] 1.7455] 1.8834 
(456.27) y Hae AN eA SO a al ood by Alte eae 1237.6} 1301.5] 1359.4] I1415.7| 1470.6] 1525.8 
CO Wia'a oa Allows ODES 1.5091] 1.5725| 1.6248] 1.6714) 1.7133] 1.7524 
500 Sere eine. 0.9905] 1.1558] 1.3009] 1.4365] 1.5655] 1.6903 
(466.99) TRIS agate tes eso a kor: 1230.5] 1297.3] 1356.6] 1413.6] 1469.1] 1524.8 
oc od ale coe O0E 1.4915] I. 1.6113] 1.6586] 1.7009] 1.7404 
¢ 4915 5579 7 
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Abs. 
Press., Temperature, Degrees Fahrenheit 
Lb. per | Sym- 
Sq. In. | bol 
(Sat. 
Temp.) 550 600 650 700 750 800 goo 1000 
550 V 0.9658] 1.0398] 1.1089] 1.1746] 1.2381] 1.2996) 1.4181] 1.5321 
(476.92) h 1260.3] 1293.1] 1323.8] 1353.6] 1382.8] 1411.5] 1467.6). 1523.8 
rr) 1.5126] 1.5443] 1.5726) 1.5990| 1.6236) 1.6468) 1.6897; 1.7296 
600 V 0.8728| 0.9431] 1.0080] 1.0694] 1.1285} 1.1855] 1.2953] 1.4003 
(486.17) h 1254.6] 1288.7] 1320.2] 1350.6] 1380.3] 1409.3] 1466.1] 1522.8 
’ 1.4986] 1.5316] 1.5607} 1.5874] 1.6125] 1.6360] 1.6794] 1.7196 
650 V 0.7933] 0.8609] 0.9224] 0.9802] 1.0355] 1.0890] I.1917| 1.2886 
(494.86) h 1248.6] 1284.3] 1316.6] 1347.6] 1376.8) 1407.1] 1464.6] 1521.8 
Cy 1.4851| 1.5195] 1.5494] 1.5766] 1.6021] 1.6259] 1.6698} 1.7103 
700 V 0.7251| 0.7905 0.8490 0.9038} 0.9559] 1.0063} 1.1029] 1.1929 
(503.04) h 1242.4] 1279.7] 1312.9] 1344.5] 1375.1] 1404.9] 1463.0] 1520.8 
’ 1.4720] 1.5080} 1.5387] 1.5665] 1.5923] 1.6165] 1.6608) 1.7018 
750 V 0.6652] 0.7289} 0.7852] 0.8373} 0.8869] 0.9348] 1.0254] 1.1100 
(510.80) h 1235.8} 1275.0] 1309.2] 1341.4] 1372.4] 1402.7] 1461.5] 1519.8 
¢ 1.4591] 1.4970] 1.5285] 1.5569] 1.5831] 1.6076] 1.6524] 1.6938 
800 V | 0.6128 0.6750] 0.7293] 0.7791] 0.8265] 0.8723] 0.9577| 1.0374 
(518.18) h 1228.8] 1270.1] 1305.4] 1338.2] 1369.7] 1400.4] 1459.9] 1518.8 
o 1.4462] 1.4862] 1.5187] 1.5477] 1.5744] 1.5992] 1.6446] 1.6864 
goo V 0.5234] 0.5844] 0.6356] 0.6821] 0.7258] 0.7675) 0.8451| 0.9166 
(531.95) h 1213.6] 1259.8] 1297.4] 1331.7] 1364.2] 1395.8] 1456.8] 1516.8 
o 1.4208] 1.4656} 1.5003] 1.5304] 1.5579] 1.5835] 1.6301] 1.6727 
1000 V 0.4495} 0.5111} 0.5602] 0.6040; 0.6449| 0.6837] 0.7547| 0.8199 
(544.58) h 1196.5] 1248.7] 1289.2] 1324.9] 1358.5] 1391.0] 1453.6] 1514.8 
o 1.3949] 1.4455] 1.4829] 1.5144] 1.5427] 1.5691] 1.6169] 1.6603 
1100 Vio | Se wboet 0.4500 0.4983] 0.5401| 0.5788] 0.6152] 0.6810} 0.7408 
(556.28) Lew \ieanrs 1236.6] 1280.5] 1317.9] 1352.6] 1386.1] 1450.4] 1512.8 
Ra aen 1.4257| 1.4662) 1.4993] 1.5285] 1.5557| 1.6048] 1.6491 
1200 i Ca 0.3985] 0.4462] 0.4865] 0.5233] 0.5578] 0.6195} 0.6750 
(567.14) I ae Neen deve 1223.4] 1271.3] 1310.6] 1346.5] 1381.1) 1447.2] 1510.8 
Gill ete: 1.4058} 1.4501] 1.4848} 1.5150] 1.5431] 1.5937] 1.6388 
1300 Vs aug: 0.3537| 0.4018] 0.4412] 0.4767] 0.5095] 0.5675] 0.6190 
(577.32) [om tl lefesties e's i 1208.7} 1261.6] 1303.0] 1340.2] 1376.0) 1444.0] 1508.8 
CMW [Sse cre chs 1.3855| 1.4343] 1.4709] 1.5022] 1.5312] 1.5832] 1.6292 
1400 Vet are 0.3144] 0.3634] 0.4021] 0.4365] 0.4678] 0.5229] 0.5712 
(586.06) Loe Wieeeet ee 2 1192.4) 1251.2] 1295.2] 1333.8] 1370.8! 1440.8] 1506.9 
ae wEnunetite 1.3643) 1.4187) 1.4574] 1.4899] 1.5199] 1.5736] 1.6204 
1500 a tren | 0.2789) 0.3298) 0.3682} 0.4014] 0.4318] 0.4840] 0.5298 
(596.08) Vim | Sis ere ee 1174.3] 1240.2) 1287.1] 1327.2] 1365.4 rare rsa 
oe MSP etc o 1.3420} 1.4029] 1.4442} 1.4780] 1.5091| 1.5642| 1.6120 
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TABLE D.—SUPERHEATED STEAM.—(Continued) 


Abs. 
Press., Temperature, Degrees Fahrenheit 
Lb. per | Sym- 
Sq. In. | bol 
(Sat. 
Temp.) 650 700 750 800 850 900 950 1000 
1600 V 0.2999] 0.3384] 0.3708] 0.4002} 0.4264] 0.4503] 0.4725] 0.4935 
(604.74) h 1228.3] 1278.6] 1320.3] 1360.0] 1398.0] 1434.3] 1469.3] 1502.9 
’ 1.3870] 1.4313] 1.4666] 1.4986] 1.5283) 1.5555] 1.5808] 1.6042 
1700 V ko 2730] 0.3119] 0.3437] 0.3721] 0.3974] 0.4204] 0.4416] 0.4616 
(612.98) h 1215.5] 1269.8] 1313.4] 1354.4] 1393.8] 1431.1] 1466.8] 1500.8 
? 1.3706] 1.4185] 1.4553] 1.4885] 1.5250] 1.5472] 1.5730] 1.5968 
1800 V 0.2483| 0.2880} 0.3195] 0.3472] 0.3716} 0.3938] 0.4140] 0.4330 
(620.86) h 1201.5] 1260.6} 1306.2] 1348.7] 1389.4] 1427.8] 1464.3] 1498.8 
g 1.3537] 1.4058] 1.4444) 1.4787| 1.5104) 1.5392] 1.5656] 1.5897 
1900 V 0.2257| 0.2665} 0.2977| 0.3248] 0.3486] 0.3700] 0.3895] 0.4076 
(628.39) h 1186.0] 1250.9] 1298.9] 1342.9] 1385.0] 1424.5] 1461.7] 1496.7 
to) 1.3358] 1.3931] 1.4336] 1.4692] 1.5019] 1.5316] 1.5585] 1.5830 
2000 V io 2044] 0.2468] 0.2781] 0.3047] 0.3289) 0.3486] 0.3673} 0.3847 
(635.61) h 1168.9] 1240.7] 1291.4] 1337.0] 1380.4] 1421.1] 1459.2] 1494.7 
? 1.3168] 1.3802] 1.4230] 1.4599] 1.4957] 1.5242] 1.5518] 1.5765 
2200 V 0.1634] 0.2120] 0.2438] 0.2696] 0.2919] 0.3115] 0.3289] 0.3451 
(649.25) h 1125.8] 1218.4) 1275.7| 1324.8] 1371.2] 1414.2] 1454.0] 1490.4 
Co) 1.2719] 1.3536] 1.4021] 1.4418} 1.4779] 1.5102] 1.5390] 1.5644 
2400 Valsse oe 0.1816] 0.2148] 0.2401] 0.2617} 0.2805] 0.2969] 0.3121 
(661.94) Time eo fie 2 1192.8] 1259.1] 1312.3] 1361.6] 1407.1] 1448.7] 1486.1 
(ie al Kr eeee 1.3253] 1.3813] 1.4244] 1.4628} I.4969] 1.5270] 1.5531 
2600 Van oree.e 0.1540] 0.1896) 0.2151] 0.2361} 0.2542) 0.2699] 0.2842 
(673.82) Hees OOS 1. ons 1162.5] 1241.0] 1299.2] 1351.8] 1399.8] 1443.2] 1481.7 
Cy Uli receeee 1.2938] 1.3602; 1.4074] 1.4483] 1.4842] 1.5157] 1.5426 
2800 Vertis | 0.1275] 0.1674] 0.1934] 0.2141) 0.2315] 0.2466] 0.2603 
(684.91) oes Mie Bean 1123.8] 1221.3] 1285.5] 1341.6] 1392.1] 1437.0] 1477.3 
pies lit ceed ancar Bee 1.2559] 1.3384] 1.3905] 1.4342] 1.4720] 1.5048] 1.5326 
3000 [ig ene 0.0983] 0.1476] 0.1742] 0.1947] 0.2118] 0.2265] 0.2396 
(695.25) TEN 3%: 1066.3] 1199.3] 1271.1] 1331.0] 1384.3] 1431.6} 1472.9 
DME Mare as 1.2028] 1.3155] 1.3737] 1.4203] 1.4602] 1.4945] 1.5233 
3200 Te eee ere 0.1293] 0.1572] 0.1777} 0.1945] 0.2059] 0.2214 
(704.91) ie \Becherst eo tacts ets 1174.5] 1255.9] 1320.1] 1376.1] 1425.5] 1468.4 
Caan We ca arg Ie ee 1.2907] I.3567| 1.4067] 1.4487] 1.4844] 1.5144 
3226 Vise lop each: ioe ca: 0.1271| 0.1552] 0.1757| 0.1924] 0.2067] 0.2192 
(706.10) 1 Soll Pe er tel eR cat 1171.2] 1253.8] 1318.7] 1375.0] 1424.7] 1467.8 
(Cpieyeeul|y Coy We. 5 o.ctemal oodio oF 1.2874] 1.3545] 1.4050] 1.4472] 1.4831] 1.5133 
3500 ai MPSS Rbecwe feilin exe cee 2 0.1042| 0.1349] 0.1556] 0.1720] 0.1860] 0.1981 
Wie Nhs eeeaellte «ate Bes 1129.7| 1231.2] 1303.0] 1363.3] 1415.8] 1461.6 
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INDEX 


DAN (I) Galdsea. 125 
Absolute temperature, 11, 15, 72 
Absolute zero of entropy, 64, 261 
of heat content, 14, 261 
of int. energy, 12, 173, 182, 
261 
of temperature, 72 
Accumulator, 425 
Actual and ideal steam rates, def., 318 
ratio of, 328, 339, 347, 360 
Adiabatic, def., 99 
heat drop, 317 
Adiabatic process, in nozzles, 114 
; in steam engine, 314, 316, 
322, 335, 344, 350 
irreversible, 109-112, 113 
of gas, 99-113, 131, 148 
of real gases, 103 
of sat. vapor, 293 
of superheated vap., 293 
reversible, 99-109, 114, 
159, 293-297 
Admission, 369, 370 
After burning, 242 
Air, amt. for combustion, 174, 180, 183, 247 
free, 129 
properties of, 80-82, 275 
Air compressor, centrifugal, 143-145, 479 
clearance (effect), 182-134 
cooling, 136-135 
definitions, 128 
efficiency, 150 
explosions, 143 
ideal, 129 
intercooling, 138-142 
losses, 134-149 
lubrication, 143 
multi-stage, 138-142 
performance, 149-150 
plant, 128, 142 
turbo-, 143, 
volumetric eff. of, 136 
work, 130-132 
Air cycles, air engines, 146-149 
compressors, 130-134 
Air engines, 145-149 
Air turbine, 149 
Air valve, auxiliary, 210, 224, 227 
Alcohol, 210 , 
Allen, Horatio, 22 
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Ammonia, 263, 275, 280, 296 Plate IV, 
(Appendix) 
Area, indicator diagram (determination), 
125-126 
meaning on PV-diagr., 37, 59, 91, 95, 
Da 154 157244 255, 
290, 296, 298, 316, 323, 
324, 341, 355 
on T¢-diagr., 64, 88, 92, 154, 
157, 164, 255, 290, 293, 
297,329, 334, 341, 355, 361 
negative, 38, 242, 244 
piston, 125, 245, 403 
piston rod allowance, 399 
positive, 38, 130, 244 
A.S.M.E. Codes, 6, 150, 191, 197, 301, 416, 
428 
Steam Research, 283, 285 
Atmosphere, moisture in, 308 
standard pressure of, 10 
Atomizing, oil, 215, 216, 220 
Automobile power plant, 26 
Auxiliaries, power plant, 28 
Auxiliary air valve, 210, 224, 227 
exhaust valves, 390 
Available energy, 47, 50, 148, 153, 160, 162, 
317, 329 
Avogadro’s law, 75 


B, 79-81, 376 
Back pressure, int. comb, eng., 169, 240, 
244 
steam eng., 373, 388 
turbines, 425 
Beau de Roches, 23, 168 
Berry, 310 
B. hp. (see Brake hp.) 
Binary vapor cycles, 362-366 
Bleeder turbine, 347, 425 
Bleeding steam, 347, 351, 358, 360, 361, 425 
Blower, 142 
Blowing engine, 142-143 
Boiler, def., 31 
Boiling, 270 
point, def., 271 
Boundaries, real, 274 
Boyle’s law, 71 
Brake horsepower, def., 195 
Branca, 17 
Brayton cycle, 187-188 


A82 


Bridgman, 273 
British Thermal Unit, def., 5 
Brons, 214 
B.t.u. per hp-hr., 5 
Bucket losses, 426 

velocity, 418 
Buckets, turbine blades, 417 


CW Orch Con Cre a0 mean lee 
Calorific values (see Heating values), 190 
Calorimeters, steam, 301-305 
Cam shaft, 236 
Cams, 236 
Carbon dioxide, 262, 275, 280, 282, 480 
Carburetors, 226-229 
Carnot cycle, gas, 154-166 
criterion of max. eff., 162 
efficiency, 157, 158, 313 
reversed, refrig. and warm- 
ing machines, 163-166 
reversibility, 159 
vapor, 312 
Carnot, Sadi, 24, 154 
Central station, 32 
Centrifugal air compr., 143, 479 
Characteristic equation, ideal gases, 73 
real gases, 81 
Charles’ law, gas, 71-72 
Charts, ammonia, Plate IV, Appendix 
CO:, Plate VI, Appendix, 480 
SOo, Plate VII, Appendix, 480 
steam, 305-307, Pl. I, Appendix, 
476, 478 
To, steam, 305 
Chemical combination, heat from 7, 376 
Circulating water (condenser), 31 
Clapeyron’s equation, 278 
Classification, int. comb. eng., 220 
steam engines, 391 
steam turbines, 417, 425 
Clausius, 24 
Clayton’s analysis of expansion, 118, 378 
Clearance, def., 132, 172 
effect on condens., 381 
in air compressors, 132-134 
in int. comb. eng., 172, 240 
in steam eng., 370, 381, 400, 402 
measurement of, 399 
radial (turbine), 422 
COz (see Carbon dioxide) 
Coefficient of performance (refrig.), 164 
Coil, induction, 232 
intensifier, 232 
trembler, 233 
Cold body, 55, 155 
Combined diag., multi.-exp., 403, 405, 412 
Combustion, air for, 174, 180, 183, 247 
carbon, 4 
hydrogen, 190 
line, (int. comb. eng., 169, 176, 
178, 241, 243 
temperature of, 176, 184 
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Comparison of cycles, 192, 326 
of different vapors, 279, 366 
of expansion curves, 122 
Complete expansion, 146, 319, 329 
Composite cycle, 189-190 
Compound engine, def., 367, 402-413 
Compounding, cylinders, 382, 396 
Compressed air (see Air compr.), 128-150 
Compression, adiabatic, 100, 103, 150, 295 
constant pressure, 90, 289 
injection air, 217 
isentropic, 100, 293 
isothermal, 95, 297 
polytropic, 97, 298 
press. in int. comb. eng., 210, 
212, 215, 216, 240 
quality during, 375 
ratio, i. c. eng., 172, 180, 249 
st. eng., 369, 370-373, 389 
Compressors, 129-143 
Condensation, cylinder, 372, 380 
initial, 372 
reduction, 380-387, 390, 391 
Condenser, advantages, steam, 387 
electric (ignition), 233 
pumps, 29, 31 
steam, 29 
Condensing, advisability of, 387 
gains from, 387 
system, 33 
water, 29, 33 
water recovery in, 388 
Conduction, cyl. losses by, 239-243, 373 
Conservation of energy, 7, 43, 376 
Constant entropy process, gas, 100-109 
vapor, 293-296 
Const. heat content curves, 300, 305-308 
Constant pressure process, 90-94, 289-291 
Constant quality curves (steam), 296, 306 
Constant temp. process, 94-96, 297-298 
Constant volume curves, steam, 291 
Constant volume processes, 87-90, 291-293 
Constants, ideal gas, 73, 75, 76 
real gases, 80, 81 
Consumption (see Performance) 
Continuity of state, 272 
Conventional indicator diagram, def., 127 
for air compressor, 133, 138 
for air engines, 146 
for int. comb. eng., 239 
for steam engine, 399-408 
Cooling, air compressor, 137, 144 
int. comb. eng., 27, 207, 208 
valves (int. comb. eng.), 207 
Corliss, George H., 22 
engine, 392 
Counterflow engine, 388 
Critical pressure and temp., 260, 273, 275 
state, def., 260, 277 
volume, gas, 260 
Cushioning, 370 
Cushion steam, 370, 374, 375 
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Cut-off, changing in multi-exp. eng., 406, 410 
def., 369 
governing, int. comb. eng., 222 
steam engine, 414 
in compound engines, 408 
influence on cyl. condens., 381 
in marine engines, 409 
simple engines, 382 
ratio, Diesel, 180 
steam engine, 401 
Cycle, air compressor, 130-133 
air engine, 146 
air standard, 170 
available energy from, 153 
Beau de Rochas, 168-177 
binary vapor, 362 
Brayton, 187-188 
Carnot, gas, 154-166 
reversed, 159-166 
vapor, 312 
closed, 151 
-~composite, 189-190 
defined, 151, 311 
Diesel, 177-185 
air standard, 179-182 
real mixture st., 182-185 
diphenyl oxide, 365 
dual combustion, 185-187 
engine vs. vapor, 311 
Ericsson, 168 
extraction, 347 
four-stroke, 169 
gas, 151-194 
incomplete expansion, 234-337 
losses, 152, 162, 479 
non-expansion, 147, 329-334 
open, 151 
Otto, 168-177 
air standard, 171-172 
real mixture standard, 172-177 
Rankine, 319-328 
rectangular PV, 329, 332 
regenerative, gas, 166-168 
steam, 347-356 
reheating, 340-347 
-regenerative, 356-362 
Stirling, 166-168 
two-stroke, 169 
vapor, 311-365 
def., 311 
Walker, 189-190 
Cycles, comparison of, 192 
Cylinder, arrangement, 206, 207, 396-398 
condensation, defined, 372 
reduction, 380-387 
feed, 374 
high pressure, 383 
lagging, 373 
losses, 371-374 
low pressure, 383 
ratio, 403, 408, 410 
surface in clearance, 381 
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D, 258; d, 245 
Dalton’s law, 84, 269 
Degree of superheat, 258 
deLaval, Gustaf, 23, 417 
Delivered power, def., 195 
Density, gases, 80 
steam, 1/Vol., 468-475 
Dew point, 309 
Diagram, conventional, 127, 133, 138, 146, 
239, 399-408 
factor, 401, 402 
indicator, 123-127, 133-138, 146, 
239, 399-408 
PV Sie9 
meaning of area on PV, 38 \ see 
To, 64 { Area 
Diesel cycle, 177-185 
air standard, 179-182 
efficiency, 179, 180, 182 
real mixture std., 182-185 
engine, 215-220 
Diesel, Rudolf, 23 
Diphenyl oxide, 365 
Double-acting, 206, 370, 394 
Dual combustion cycle, 185-187 


EL, E>, En, Eg, Em, 43; ei, 153, 172 
Economy (see Performance) 
Efficiencies, def., 150, 195-202, 327-328 
Efficiency, air compressor, 150 
Brayton, 188 
Carnot, gas, 158, 162 
general, 196, 202 
int. comb. eng., 
247, 249-252 
vapor, 313 
Diesel, 179, 180, 182 
Dual combustion, 187 
engine, 197, 251, 328, 331, 336, 
Sey SHO, shy, skal), 
416, 426, 428 
combined, 198 
delivered or brake, 198 
indicated, 197 
Ericsson, 168 
ideal cycle, 153, 196, 327 
incomp]. expans. cycle, 335, 337 
int. comb. engine, 244, 249-253 
mech., 150, 197, 244, 249, 328, 
SOL 
non-expansion cycle, 331, 333 
cycle, any working subs., 153 
Otto, 172, 173 
Rankine, 321, 324-328 
ratio, 197 
rectangular PV cycle, 331, 333 
refrigeration, 164 
regenerative cycles, gas, 167 
steam, 352, 356 
reheat. cycles, 342, 348, 345-347 
-regen. cycles, 359-362 
significance of, 195 


244, 
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Efficiency, steam prime moyer, 327, 413- 
416 
Stirling, 167 
thermal, 196-197, 249, 251, 327, 
331, 346, 352, 360, 
416 
combined, 196 
delivered or brake, 196 
indicated, 196 
plant, 197 
turbine, 328, 426, 428 
vapor cycle, 324, 333, 337, 343, 
356, 362 
volumetric, 136, 244 
Walker, 190 
Eiectric energy (heat), 4 
ignition, 231-234 
[Ellenwood Charts, 307, 476-478 
Energy, APV and heat content, 13 
available, 47, 50, 153, 160, 162, 317, 
329 
change of internal, during isen- 
tropic process, 102, 296 
conservation of, 7 
definition, 2 
equations, 36-47 
forms of, 2-4 
internal, def., 12 
ideal gas, 77, 78, 88, 91, 
95, 102 
liquids, 102, 261, 262, 288 
real gases, 83, 90, 91, 102, 
105, 174, 182 
vapors, 102, 261, 262, 268, 
288, 296, 308 
zero of, 12, 173, 182, 261 
intrinsic, def. (see Internal), 12 
kinetic, 11, 44, 114 
latent heat, 257 
loss of available (by throttling), 328 
maximum available from flow 
through any machine, 317 
mechanical, 3 
storing, 12 
stream, air compressor, 479 
int. comb. eng., 479 
steam engine, 374, 479 
steam turbine, 479 
supplied, steam prime movers 
inc. exp. eng., 335 
non-exp. eng., 331 
Rankine eng., 321 
Reheating, eng., 344, 345 
regenerative eng., 352 
reheating-regen. eng., 359 
transferring, 12 
transforming, 12, 153 
units, 6 
Engine (see Air engine, Blowing engine, 
Hot-air engine, Internal com- 
bustion engine, Steam engine 
and Steam turbine) 
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Engine, cycle, def., 311 
economics (see Performance) 
efficiency, def., 197 
performance (see Performance) 
Engineering of power plants, 35 
general method, 115 


Entropy, N or ¢, 15 
constant, 100, 293 
def., 64 


generalizations, 67 
illustrations, 66 
of gases, 88-116 
of liquid, 256 
of mixture, 268 
of steam, 468-475 
of superheated vapor, Appendix 
of superheating, 258 
of vaporization, 257 
physical significance, 66 
units, 65 
zero of, 64, 261 
Equalizing pipe (turbine), 422, 424 
Equilibrium, thermodynamic, 48-49 
Equilateral hyperbola, 118, 399 
Ericsson cycle, 168 
hot air engine, 203 
Estimated steam rate, 319 
Ether vapor, 275, 296, 363 
Evans, Oliver, 21 
Evaporation, def., 269 
Excess air, coefficient, 248 
Exhaust, losses, int. comb. eng., 253, 479 
steam eng., 347, 373, 479 
steam, in contact with walls, 381 
turbine (low-press), 425 
valves, auxiliary, 390 
int. comb. eng., 207, 235 
timing, 237 
Expansion, adiabatic, gas, 99-113 
in nozzles, 114, 417 
in st. eng., 314, 322, 329, 336, 
344, 350 
vapors, 293 
complete, 146, 319, 329 
cons. pressure, 90-94, 289-291 


const. temp., (see Expansion, 
isothermal) 

const. volume (see Expansion, 
isometric) 


free, 53, 77, 330-336 

incomplete, 146, 334-372 

in steam engines, 329-338, 372 

irreversible adiabatic, 109 

isentropic, 100-109 

isobaric, 90-94, 289 

isometric, 87-90, 291 

isothermal, 94-96, 297 

line, real int. comb. eng., 240 
steam eng., 372, 378 

non-, 147, 329, 332 

polytropic, 96-99, 298 

ratio, 401, 408, 410 
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Explosions, air receiver, 143 
Exponential functions, solving, 116 
External combustion engine, 203 
latent heat, 257 
Extraction cycle, 347 
turbine, 425 


1 SPR 
Feedwater, heat saving, 347 
Figure of merit (see Coef. of Performance) 
First law of thermodynamics, 7 
Fitch, John, 20 ~ 
Fittings, steam engine, 368 
Fluid friction loss, int. comb. eng., 244 
Fluttering of valve (air), 1385 
Food pound (unit), 6 
Free expansion, 53, 77, 330-336 
Friction, fluid (in int. comb. eng.), 244 
horsepower, 197, 244 
losses, 253, 371 
mechanism, int. comb. eng., 253 
steam engine, 371 
steam turbine, 
427, 479 
Fuels, consumption (see Performance) 
Fuel values (see Heating values) 
Full peripheral discharge, def., 422 
Fulton, Robert, 21 
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Gage pressure, 10 
Gain from decreasing back pressure: 
in steam engine, 387 
turbine, 388 
Gain from superheating, 326, 340, 354, 427 
Gamma, y, 79 
value of, 80 
Cas, characteristic eq. of ideal 73-75 


real, 81 
constants, ideal, 75, 76 
real, 80, 81 


eycles, 151-194 
expansions, 87-119 
ideal defined, 74 
laws, 71-76 
mixtures, 84 
specific densities of, 80 
heats of, 40, 78, 80, 81 
volumes of, 11, 80 
variable specific heats, 79, 81 
universal constant, 75 
Gas engine, 28, 208 
plant, 28 
Gaseous state, region of, 272, 273 
Gasoline engine, 208, 249, 251 
heating value, 174 
Gay-Lussac’s law (see Charles’ law) 71, 72 
Goodenough’s equation, 283 
Governing, combined systems, 223, 224 
cut-off, 222, 414 
hit and miss, 221 
internal comb. eng., 220-224 
methods, 220, 413 
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Governing, quality, 222-223 
quantity, 221-222 
steam engine, 371, 413, 414 
throttling, 222, 414 
Governors, 224, 367, 391 
flyball, 20, 22, 224 
shaft, 391, 392 
Jef, oy, JEG ISU, ABS Ye, NE leg, Wy, BPAOR ka, 
263, 327; hy, 352; hi, 268, 282, 288 
Half time shaft, 208 
Heat added, def. 15 
Heat balance, int. comb. eng., 252 
steam eng. (Hirn’s), 376 
Heat consumption (see Performance) 
Heat content, change in at const. entropy, 
315 
of gases, 13, 83 
of liquids, 13, 262-265, 282, 
288, 300 
of mixture, 268, 300 
of vapors, 13, 262, 310 
Heat from chemical combination, 4 
clectrical energy, 3 
mech. energy, 3, 100, 163, 317 
sun, 3 
Ileat interchange with cylinder, 371-374 
Heat of combustion, 190 
liquid, 256 
area for, 255 
superheat, 258 
vaporization, latent, 257 
Heat (see Specific heat) 
total (see (Heat content) 
Heat-power engineering, defined, 2 
Heat supplied by boiler, 264, 324 
Heat unit, 5 
Heat utilization, heating, 347 
industrial processes, 347 
Heating value, higher and lower, 190 
Heavy oils in int. comb. eng., 211 
Helium, 80, 275 
Hero, 17, 417, 421 
High pressure, cylinder, 38 
piston area, 403 
thermal efficiency, 325 
Higher heat value, 190 
Hirn’s analysis, 376-377 
Hornblower, 403 
Horsepower, 5, 6 
brake, 195 
defined, 5, 6 
delivered, 195 
friction, 197, 244 
heat equivalent, 5, 6 
indicated, 125 
Hot air engine, 203 
Hot body, 55, 155 
Hot bulb (head) engine, 212 
Hot well, 322 
Humidity, defined, 308 
Hvid, 214 
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Hydrogen, 80-82, 190, 275 
Hyperbola, equilateral, 119, 399 


J Maye i alles 
Ideal and actual steam rates, 318 
Ideal gas, 74 
machines, 47 
vs. real engine, 162 
Ignition, internal comb. eng., 231-234 
Incomplete combustion in gas eng., 252 
Incomplete expansion, 146, 334-372 
Indicated horsepower, 125 
work, 125, 243 
Indicator, 123 
Indicator diagram, 123-127 
Ind. Diag., air comp., 133, 134, 138, 140, 146 
area of, 125 
conventional, 127, 399-412 
factor, 401, 402 
four-stroke cycle, 239-242 
internal comb. eng., 239, 243, 244 
meaning of, 123-127 ke 
multiple-exp. eng., 412 
scales, 124 
steam engine, multiple-exp., 412 
simple, 370 
uniflow, 389 
two-stroke cycle, 242 
Induction coil, 232 
Initial condensation, 372 
\Injection, air, 216 
dual, 215 
solid, 215, 217 
Inlet valve, int. comb. eng., 235 
timing, 237 
Intensifier coil, 232 
Intercooling (air compressor), 138-142 
Interchange heat in engine cyl., 371 
Internal combustion engine, 
actual, 203-253 
advantages and types of, 203-239 
after burning, 242 
air cooling, 208 
air injection, 216 
air standards, 170-179 
applications, 208, 220 
Brayton, 187 
Brons, 214 
carburetion, 226-229 
classification of, 220 
clearance space, 172 
combustion in, 241 
combustion line, 241 
composite cycle, 189 
compres. press., 211, 212, 215, 216, 
240, 249 
cooling, 207, 208 
cylinder arrangements, 206, 207 
definition, 203 
diagrams, (indicator), 239-243 
Diesel, 28, 215-20 
efficiency, 180, 185 
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Internal comb. eng. (continued) 
double-acting, 204, 206, 219 
dual injection, 215 
economy, 250-252 
efficiency, 244, 249-253 
four-stroke cycle, 169, 203 
fuel consumption of (see Perform- 

ance) 
fuels, modification for, 208-217 
gas engine, 208 
gasoline engine, 208-210 
governing, 220-224 
heat balance, 252-253 
heavy oil in, 229-230 
hot bulb (head), 212 
hot plate, 213 
hot tube, 213 
Hvid, 214 
ignition methods, 220-234 
indicator diagrams, 239-243 
indicated power, 244 
work, 243 
Keorting, 204 
kerosene engine, 210 
losses in, 239, 253 
low compression, 212-213 
low compression oil, 212 
mechanical effitiency of, 244 
mechanical features of, 203-238 
oil engine, 211-213 
Otto efficiency, 170-177 
Otto type, 203-213 
performance (see Performance) 
power per cyl. end, 125, 245 
real mixture std., 170, 172, 182 
scavenging, 245 
semi-Diesel, 214 
single- and dbl. actg., 204, 205, 
206, 219 
size of cylinder, 245-249 
by charge volume method, 247 
empirical method, 248 
m.e.p. method, 245-247 
solid injection, 215 
Still, 390 
suction line, 240 
supercharger, 245 
tandem, 206 
turning effort of, 206, 207 . 
twin, 206 
two-stroke cycle, 204, 205, 217 
types, 203 
valve gears, 234-238 
valves, 224-226 
vertical, 207-208 
vs. horizontal, 207-208 
volumetric efficiency, 244, 245 
Walker, 189 
working subs. of, 170, 174, 183 
Internal energy, definition, 12 
ideal gases, 77, 78, 88, 91, 
95, 102 
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Internal energy, liquids, 102, 261, 262, 288 
real gases, 83, 90, 91, 102, 
105, 174, 182 
vapors, 102, 251, 262, 268, 
288, 298, 296, 298, 308 
zero of, 12, 173, 182, 261 
Internal latent heat, 257 
Intrinsic energy (see Internal energy) 
Irreversibility and reversibility combined, 
57 
Irreversible process, 53 
Isentropic drop in heat content, 317 
Isentropic process, gas, 100-109 
vapors, 293 
variable sp. ht., 103-109 
Isentropics, definition, 99 
Isobaric process, gas, 90-94 
variable sp. ht. 92-94 
vapors, 289 
Isolated station, 31 
Isometric process, 87—90, 291 
Isothermal process, gas, 94-96 
vapors, 297 
Isothermal compression air comp., 138 
Isothermal expansion (air engine), 147 


J,6 

Jacket losses, 253 

Jackets, air compressor, 137, 139, 144 
internal combustion 2ngine, 207 
steam engine, 385, 388 

Joule, 24 77, 113 

Joule’s experiment, 77 

Joule-Thomson effect, 113 


K, Kp, Kv, 40 
Keenan, 285-286 
Kerosene engine, 210 
Keyes and Smith, 283 
Kinetic energy (molecular), 11 
of flow, general, 44, 114 
steam, 418 


16, WE Ielsl VG, JeeHl 
Labyrinth packing, 423 
Lagged cylinders, 387 
Latent heat of vaporization, external, 257 
internal, 257 
total, 257 
Law, Avogadro’s, 75 
Boyle’s, 71 
Charles’, gas, 71, 72 
conservation of energy, 7, 43, 376 
Dalton’s, 84, 269 
gases, 70-86 
Gay-Lussac’s (see Charles’), 71, 72 
Marriotte’s (see Boyle’s), 71 
partial pressures, 84, 269 
thermodynamics, first, 7 
second, 8 
Willans’s, 414 
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Leakage, air compressor, 130, 134, 139 
int. comb. eng., 239, 241 
steam engine, 373, 380 
turbines, 428 
Lenoir, 23 
Line of transference, 404 
Liq. and gaseous states (continuity of), 272 
Liquid, entropy of, 256 
heat content of, 13, 262-265, 282, 
288, 300 
heat of, 256, 263 
internal energy of, 102, 261, 262, 
288 
pressure within, 270 
region of, 273 
saturated, 255, 260 
specific volume of, 255, 282, 468- 
472 
supercooled, 271 
superheated, 271 
throttling of, 112 
undercooled, 271 
Load, distribution of (com. eng.), 406, 410 
effect on economy, 250, 415, 427 
Locomotive, power plant of, 34, 413 
Logarithm, tables, 464, 466 
use of, 116, 463 
Logarithmic, cross-section paper, 117 
Loops, 240, 244, 389, 411 
Losses, air compressor, 134, 149 
cycle, 153, 163, 196, 479 
friction, 150, 244, 253, 371, 428 
internal comb. eng., 239, 244, 253 
jacket (int. comb. eng.), 253 
mech., 150, 244, 253, 371, 427, 479 
radiation, 44, 253, 373, 479 
steam engine, 373-374 
throttling, 244, 299, 328 
turbihe, 328, 428 
Low-pressure cylinder, 383, 403 
Low-pressure turbine, 425 
Lower heat value, 190 


M, 79, 247; M’, 79; m, 351 
Marine power plant, 34 
Marriotte’s Law (see Boyle’s law), 71 
Materials of steam engines, 368 
Maximum efficiency, 162 
Maximum thrust, 406 
Maximum work from fluid, 316 
Mean eff. press., brake, 246, 248 
indicated, 124, 
403 
referred, 403, 408 
Mean specific hts. of gases, 82 (Fig. 33) 
of superh’td stm., 286 
Mech. eff., 150, 197, 244, 247, 249, 328, 371 
Mechanical energy, available, heat from 3, 
100, 163, 317 
Mechanical losses, 150, 197, 244, 253, 371 
Mercury, 11, 363 


245, 401, 
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Method of operation, Diesel, 178 
Otto, 169 
steam engine, 369 
steam turbine, 418 
Method of ordinates (area), 126 
Minimum work on fluid, 317 
Mixture, air and vapor, 309 
gas, 84 
liquid and vapor, 266-269 
Moisture in atmosphere, 308 
Mol, defined, 76 
Mollier chart, 305, 480, Pl. I, Pl. IV, Ap- 
pendix 
Multiple-expansion engine, 382,396, 402-413 
changing cut-off in, 406-410 
combined diagrams, 404, 405, 412 
conventional diagrams, 402-412 
cylinder ratios, 403, 408 
distribution of work, 406, 408, 410 
expansion ratios, 408 
indicator diagram, 412 
Multi-stage compression (air), 138-142. 


N, 15; n, 96, 100, 116, 125, 298 
n, value for air compressors, 134 
int. comb. eng., 243 
steam (Clayton), 379 
Negative work, area, 38, 242, 244 
Net work, 130, 154, 157, 193, 323, 333, 337, 
342, 355 
Newcomen, 18 
Nitrogen, 80-82, 275 
Non-conducting materials, 373 
Non-expansion cycles, 147, 329-334 
Normal power, 415 
Nozzle, gas, 114 
injection, 217 
loss, 114, 425 
oil injection, 217 
steam, 114, 417, 418 
velocity through, 114, 115 


Oil engine, 27, 211 
feeding systems, 396 
Opposed pistons, 219 
Otto, 23 
cycle, 168-177 
air standard, 171-172 
real mixture std., 172-177 
Overload, effect on steam rate of 
steam engine, 415 
turbines, 427 
valve, 428 
Oxygen, 80-82, 275 


P, 15; p, 15; py”, 15; pm, 125: pmr, 403 
Parsons, Charles A., 23, 423 
Partial pressures, 84, 269 
air, 308 
Performance, 195 
air compressor, 149, 150 
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Performance, coefficient of, 164 
comparison of (true), 197,199, 
250, 326, 353, 357, 360, 416, 
428 
int. comb. eng., 198-202, 251 
steam eng., 319, 327, 413— 
416 
steam turbine, 319, 327, 345, 
352, 360, 426 
Phases of matter, 70 
Phi (¢), 64 
Piston, balance (turbine), 423 
opposed, 219 
speed, 247, 248, 391, 393 
Planimeter, 126 
Plant thermal efficiency, def., 197 
Polytropic process, gas, 96-99 
vapors, 298 
Porter, Charles T., 22 
Positive work area, 38, 130, 244 
Power, air compressor, 145 ,150 
brake, 195, 246 
defined, 5 
delivered, 195 (see Brake power) 
friction, 197, 244, 371 
horse, def., 5 
indicated, def., 125 
internal comb. eng., 244-245 
normal, 415 
rated, 415 
steam eng., 399 403, 415 
steam turbines, 426 
units, 5 
Power plant, 26-35 
automobile, 26 
compressed air, 128 
engineering of, 35 
gas engine, 28 
locomotive, 34 
marine, 34 
oil engine, 27 
steam, central stations, 32 
elementary, 28 
equipment, 29, 33 
isolated stations, 31 
superpower, 32 
Preheater, compressed air eng., 128, 149 
Preignition, 210, 213 
Pressure, absolute, 10, 15 
atmospheric, standard, 10 
back, steam engine, 369, 387 
turbine, 388 
compression, i. ¢. eng., 210, 212, 
215, 216, 240 
stm. eng., 369-373, 
389 
constant, 90, 92, 289 
critical, Table X, 275 
defined, 10 
effect on economy, 325 
gage, 10 
mean effective, 125, 245, 401 
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Tressure, m.e.p., indicated, 125, 245, 401 
brake, 246, 248 
of mixture, 84, 269, 309 
referred m.e.p., 403, 408 
stages (turbine), 418 
within a liquid, 270 
Pressure-volume diagram (area), 37, 59, 
412 
Prime mover, 26, 28 
Process, adiabatic, 99-113, 293-296 
controlled, 51 
isentropic, 100-109, 293-296 
isobaric, 90-94, 289-291 
isometric, 87, 90, 291-293 
isothermal, 94, 96, 297-298 
polytropic, 96-99, 298 
reversible and irrev., def., 55, 61 
throttling, 112, 299-301 
turbulent, 53 
Progressive sp. ht. (gas), 81, 82 
steam, 287 
water, 287 
Properties of gases, 70-86 
steam, 280-286, 468-478 
vapors, 254-287, 468-478 
Pumps, air, 33 
condensate, 33 
condensing water, 29, 33 
feed, 31 
oil injection, 215 
Pump work, feed, 314, 317, 323, 325, 355, 
362 
heater, 353, 355, 262 
two-stroke Otto eng. 205, 219 
PV-quantity, 13, 255, 262-265 
PV-V chart for steam, 207, 478 


Q, 15; Qi, 9, 152; Q2, 9, 152; Op, 264; Qap, 
15; Q:, 181; ¢, 256; gc, 263 

Quadruple expansion engine, 383, 397 
Quality, def., 266 

curves, 275, 413 

during compression, 375 

during expansion, 375, 379 

factor, 266 

governing, 222-223 
Quantity governing, 221-222 
Quintuple expansion engine, 304 


R, 73-78; Ry’, 76; Re, 44 
r, 94,157, 257; ra, re, 180; ry, rp, Tp, 405 
Radial clearance (turbine), 422 
Radiation (heat) losses in int. comb. eng., 
253, 429 

in st. eng., 373, 374, 479 

in turbine, 479 
Rankine, 24, 319, 321 
Rankine cycle, 319-329 

eff. of, 321, 324, 325 

Rate of fuel consumption (see Performance) 
Rateau, 419 
Rated power, 200, 415 
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Ratio of compression, 157, 172, 180, 186, 
188, 189, 192, 369, 389 
cut-off (Diesel), 180 
of expansion, in int. comb. eng. 157, 
172, 180 
in multiple exp. eng. 
405, 408 
in simple eng., 401 
Reaction turbine, 17, 417, 421 
Real and ideal engines, 47 162 
Receiver, air, 128, 141 
infinite, 405 
line, 404 
reheating, 386 
steam engine, 386, 405 
Receiver pressure, formula for, 405 
selection of, 406, 407 
Reciprocating parts, 367 
cushioning, 370 
Reciprocating steam engine, 367-416 
operation, 369 
Rectangular PV cycle, 329-334 
Referred m.e.p., 403, 408 
Refrigeration, 163, 299 
ammonia chart, Pl. IV, Ap- 
pendix 
carbon dioxide chart, 480 
coefficient of performance, 
164 
sulphur dioxide chart, 480 
Regenerator, 166, 425 
Regenerative cycles, 347-356 
turbine, 425 
Region of gaseous and liquid states, 272, 273 
Reheating cycle, 340-347 
Reheating-regenerative cycle, 356-362 
Reheating turbine, 340, 345, 360, 425 
Region of superheat, 275 
Reheating receiver, 386 
Relative humidity, 308 
Release, 169, 369, 372 
Reversible adiabatics, 99-109, 293-296 
processes, 55-59 
Reversibility, 48-62 
Rey. per min., effect on cyl cond., 380 
Rho (p), 257 
Ripper’s experiments (sup. steam), 385 
Rotary engines, 394 
Rotating parts of steam engine, 367 
Rotative speed, effect on cyl. cond., 380 
of Corliss engines, 392 
Rotor, 418 
Running over and under, 395 


Safety valve, 31 
Saturated liquid, 255, 260, 282 
steam, properties, 280-286, 468— 
472 
vapors, 256, 258, 260, 282, 480 
Saturation curve, for simple eng., 375 
for mult. exp. eng., 412 
Saturation lines, 258-260, 280-281 
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Savery, 18 
Scale of indicator diagram, 124, 376 
Scavenging pump, 219 
Second law of thermodynamics, 9 
Separating calorimeter, 303 
Shaft, half time, 208 
Simple engine def., 367 
Sleeve-valve motors, 235 
Solar heat, 3 
Spark plug, 232 
Specific density of gases, 80 
of steam (= one/sp. vol., 
see Specific volume) 
Specific entropy, heat content, int. energy 
and vol.,, def. and symbols, 15 
Specific heat content, 15 
Specific heat, 40, 78 
gases, 79-81 
ideal gas, 78-79 
instantaneous, 81, 82, 286 
mean of sup. steam, 286 
progressive, 81, 82, 286 : 
superheated steam, 285, 287 
variable, 79, 81, 82, 285 
water, 287 
Specific volume, of liquids, 255, 263, 282 
of gases, 80 
steam, 282, 285, 468-478 
vapors, 267, 2&2 
Speed, piston, 247, 248, 391, 393 
rotative, effect on cyl. cond., 380 
cent. air comp., 144 
of low-speed engines, 392 
State, continuity of, 272 
critical, 260 
State of a substance, 10, 254, 268 
Stationary parts, steam. eng., 367 
Steady flow, conditions, 41 
general energy eq. for, 43 
Steam, behavior of in cyl., 371-376 
bleeding, 347, 351, 358, 360, 361, 425 
calorimeter, 301-305 
consumption (see Performance) 
critical pressure, 273 
data, 280-286, 468-478 
Steam and diphenyl oxide eycle, 365 
mercury cycle, 363 
sulphur dioxide, 363 
Steam engine (see Steam engine types) 
action of steam in, 369, 374 
applications, 413 
classification, 391 
clearance and comp. 369, 370, 
389, 399, 400, 402 
compared with turb., 388, 413, 
418 
comp. and exp. lines, 369, 373, 
389 
cycles, 311-366 
cyl. cond., 372, 380 
diag. (indicator) 370, 375, 389, 
399-412 
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Steam engine, efficiencies, 371, 391, 415, 416 
fittings, 368 
governors, 20, 22, 367, 391 
jackets, 385, 388 
losses, 371-374 
materials used, 368 
operation, 369 
parts, 367 
performance, 319, 327, 413- 
416 
steam consumpt., actual, 327, 
374, 380, 414, 416 
Steam engine, stm. cons., ideal, 320, 331, 
335 
types (see Steam engine types) 
valves and gears, 367 
water rate (see steam rate) 
Steam engine types: 
angle compound, 397 
center crank, 395 
compound, 367, 383, 396, 406 
Corliss, 392 
counterflow, 388 
cross compound, 396 
double-acting, 394 
high speed, 391 
inclosed, 395 
lokomobile, 387 
left hand, 395 
low speed, 392 
marine, 397, 398 
medium speed, 393 
multiple expansion, 384 
oscillating, 394 
quadruple expansion, 383, 397 
quintuple expansion, 384 
reciprocating, 367, 394 
reversing, 399 
right hand, 394 
rotary, 394 
self-oiling, 395 
side crank, 394 
simple, def., 367 
single-acting, 394 
steeple compound, 396 
Still, 390 
Stumpf, 388 
tandem, 396 
triple expansion, 383, 397 
uniflow, 388 
vertical, 393 
Watt, 19 
Woolf, 403, 405 
Steam, formulas, 281 
heating, 347 
jacketing, 385, 388 
nozzle, 114, 417, 418 
power plants, 28, 31 
properties of, 263, 275, 280, 363, 
468, 473 
rate, 318, 320, 331, 335, 345, 352, 
359, 382 
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Steam rate, defined, 318, 319 
ratio of actual and ideal, 328, 
339, 347, 360 
regen. and reheating cycle, 347- 
362 
saturated, 255-270, 468, 472 
specific heat of, 286, 287 
superheated, 286, 310, 473-478 
Steam turbine, accumulator, 425 
advantages, 340, 413, 418, 
425 
applications, 413 
back pressure, 347, 425 
bleeder, 425 
Branca, 17, 417 
classification, 417, 418-425 
clearance, 422 
combination, 417 
Curtis, 421 
deLaval, 23, 417 
dynamics, 114, 418 
double flow, 423 
efficiency, 320, 339, 345, 
352, 353, 360, 426, 428, 
479 
energy stream, 479 
exhaust steam, 356, 425 
gears, 418 
Hero, 17, 417, 421 
impulse, 17, 417, 419, 420 
labyrinth packing, 423 
leakage, 423, 426 
losses, 426, 479 
low pressure, 425 
mixed pressure, 425 
multi-stage, 418 
nozzle, 114, 417, 418 
losses, 114, 426 
overload, 428 
valve, 428 
performance, 319, 327, 345, 
352, 360, 426 
Parsons, 23, 423 
pressure stage, 418 
Rateau, 419 
ratios of vel. def., 418 
reaction, 417, 421-424 
reentry type, 421 
regenerative, 347-353, 425 
_ reheating,340-346, 356-361, 
425 
rotational loss, 426 
single-stage, 418, 421 
small vs. large, 426 
staging, 420 
thermodynamics of, 114, 
418, 423, 426 
veloc. compounding,420,421 
diagrams, 418 
water seal, 423 
windage, 426 
Zoelly, 419 
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Stephenson, George, 20 
Robert, 20 
Stevens, John, 21 
Robert L., 22 
Still, 390 
Stirling, cycle, 166 
Stumpf, 23, 388 
Suction line, 129, 169, 178 
Sulphur dioxide, 275, 280, 282, 480 
and steam cycle, 363 
Supercharging, 245 
Supercooled liquid and vapor, 271, 272 
Superheat, degree of, 258 
Superheated st., 258, 275, 285, 286, 473-475 
effect on cyl. cond., 384 
vapor, 258 
properties, 258-275, 473-475 
region, 275 
Superheater, 29, 30 
Superpower plant, 32 
Surface, effect of clearance, 372, 381 
Sweet, John E., 22 
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t, 15; t, 255; t, 351 
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V, 120-121; VI, 181; VII, 193: VIII, 
24059 TXCR 2532 ex) 270s) els 282 XCEL, 
377; XIII, 401; XIV, 402 
Tables, critical temp. and press., 275 
diagram factors, 402 
formulas, gas processes, 120 
gas constants, 80 
cycles, 173 
heat balance (marine Diesel), 253 
Hirn’s analysis, 377 
logarithms, 463-467 
notation, 15, 326 
performance, int. comb. eng., 249 
saturated liquids and vapors, 282 
specific heats, instantaneous, gas, 81 
steam, saturated, 282, 468-472 
superheated, 473-475 
steam press., eng., usual, 408 
symbols, 15, 326 
units of power and energy, 6 
(1 + loger) + r, 401 
Tammann, 273 
Temperature, absolute, 11, 15, 72 
from comb., 176, 184, 191 
range in st. cyl., 380, 383 
vaporization, 255, 269 
Temperature-entropy chart, steam, 306 
diagram, 65 | also see 
vapors, 255 { Areas 
Tests (see Performance) 
Thermal equilibrium, vap. and liq., 48, 271 
Thermal value of fuels, 190 
Thermodynamics, defined, 2 
first law, 7 
second law, 8 
Thomson, Wm., 24 
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Throttled steam, loss of A. E., 328 
Throttling calorimeter, 301 
gases, 112-113 
of liquids, 112, 299 
vapors, 112, 299, 328, 344, 371, 
413 
Thrust bearing (turbine), 423 
maximum (comp. eng.), 406 
Time element (cyl. condensation), 381 
Timer (ignition), 233 
Timing diagram, 237 
opening, 237 
Todd, 388 
Torque, defined, 6 
unit, 6 
Total heat, 13 (also see Heat content) 
Trevithick, 20 
True comparison of performance, 197, 199 
250, 326, 353, 357, 360, 416, 428 
Turbines, 417—428 
Turbo-compressors, 143-145 
Turning effort, int. comb. eng., 207 : 
uniformity of, 207, 406 


Dh, PASYE 
Undercooled liquid, 271 
Underload, effect on performance, 250-255, 
415, 427 
Uniflow engine, 388 
Unit of energy, 6 
entropy, 65 
heat, 5 
heat content, 13 
power, 5 
temperature, 11 
torque, 5 
work, 5 
Universal gas constant, 76 
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Vacuum, effect on steam eng., 387 
on turbine, 388 
Valve gears, int. comb. eng., 234-238 
Valve types, carbureting, 228 
cooled (gas), 235 
double-beat, 389 
exhaust, 207, 235 
gas, 225 
inlet, 225, 235 
automatic, 235 
mixing, 224-225 
overload, turbine, 428 
poppet, 235, 389 
stop, 321 
throttle, 321 
Van der Waal’s equation, 276 
Vapor, ammonia, 263, 275, 280, 296, Pl. IV, 
Appendix 
carbon dioxide, 263, 275, 280, 282, 
296, 480 
charts, 305-307, 476, 480 
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Vapor, cycles, def., 311 (see Cycies) 

diphenyl oxide, 365 

dry, 266 

ether, 275, 296, 363 

formation, 254-258, 269-275 

mercury, 363 

properties, 255-289 

region, 273-275 

saturated, 256 

steam, 263, 275, 280, 282, 363, 
Tables, 468, 473, Charts, 478, Pl. 
I, Appendix 

sulphur dioxide, 275, 280, 282, 363, 
480 

table (discussion), 279-287 

throttling, 299, 328, 344, 371, 413 

unstable states of, 271 


water, 263, 275, 280, 282, 363, 
Tables, 468, 473, Charts, 478, Pl. 
I, Appendix 
wet, 266 
Vaporization, entropy of, 257 
heat of, 257 


temp. of, 255, 269 

Velocity, bucket, 418 

compounding, 420 
Velocity of flow, 114 , 

gas, 114, 115 

nozzle, 114 

piston, 247, 248, 391, 393 
Volume, defined, 11 

specific, 15, 80, 282, 468-477 
Volumes, gases, 80 

steam, saturated, 282, 468-472 

superheated, 473-475 
water, 282, 468-472 


Wk, 9,15; Wkav, w, 15; wy, 180, 374; wz, 
375; wy, 180; wp, 181; wo, we, wi, Wik, 
Wk, 327 

Walker cycle, 189-190 

Water, condensing, 29 

critical pressure, 273 
injection (air comp.) 137 
jacket, 137, 139, 144, 207 
rate (see Steam rate) 
seal, turbine, 423 
specific heat, 286, 287 
volume, 280, 282, 468-472 
unstable states of, 271 

Watt, 19, 403 

Weight, gases, 75, 76 

Willans’s law, 414 

Windage, 428, 479 

Wiredrawing, 112 

Woolf, 403, 405 

Worcester, 18 

Work, areas (positive and neg.), 38, 242 

defined, 5 (also see Area) 

Work done on and by piston, 15, 36 

Work, equilized (multi. expan. eng.), 406. 
407, 410 
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Work during processes, const. press. 
gas, 37, 91 
vapor, 290 
const. vol., 87, 293 
isentropic, 
gas, 102 
vapor, 296 
isothermal, 
gas, 94 
vapor, 298 
polytropic, 97, 298 
Work, maximum from fluid, 316 
minimum on fluid, 317 
Work of cycles, air comp., 130-133 
air engine, 146 
Beau de Roches, 168 
Brayton, 187 
Carnot, 157, 313 
Diesel, 179, 182, 185 
Dual-combustion, 186 
Ericsson, 168 
inc. expans., 335, 337 


Work of cycles, non-expansion, 329 
Otto, 171, 178, 176 
Rankine, 319, 323 
rectangular PV, 330, 333 
regenerative, gas, 167 

steam,351,355 

reheating, 342, 345 
reheating-regen., 359, 362 
Stirling, 167 

Work units, 5 

Working substance, 7, 26, 47, 53, 151, 170, 

Sl S00 


X, 186, 248; «w, 266; 2c, 375 


Z, 188, 189 
Zero, absolute of temperature, 11, 15, 72 
of entropy, 64, 261 
of heat content, 14, 261 
of internal energy, 12, 173, 182, 261 
Zoelly, 419 


iy ee 


: bis ’ ; 


ra 


/] WeEnte 
9 Bucklrn 
& Sarg hin 
% Pauw 


ay il Kopkana, 


¢ Birmde , 


Loven 


thep 2 


wr le See, MH all Lach laa prs, 


Chao + (rarseses nN hei, ) 

Choje rary - 

hap 2 

Can SI te Pan, io} tel, pore V1 used 
Shoal, MEE - Caddy t-2e cad, 

Chojo VEL PIe—s0 uel, 


E Prue toe) 
“lo Ont 86 Pre ry to ena 127 
Xo Ant V1 


id). ke . ( + 
orm | P wag ty BA eo, %6 Maal oe 
Rew - otf a Reese ~ 


to Pao oe Prom 1-7 Ce. 
he Chrage SEE Pres \-t2 ‘uel. 

{wr Chao 4. 

eet 20 Prbsra 1- & Chats Zr 
tos iO Pree ¢ 


te Wee Oe 4 
05 IgT Aso 8 


a> ek (SO - 1%6- iA1-14aye 


Go 


XT + ZT 


Rol even seach ¢ 
“loSuct 179 Cade 1,694,938, 14 Valls ry 7 


tee ei 
lornal See Cheap. SR . of 


LAA 


ss 


SOQ 


& 


Part4sS GH 1A Poke 1,21 
Ses ee cate 4) bE= BouUreh 


Leek 20Gq) Pp, Fp 


AAO BH BET 2AMRL, BH 
grad ic3 Bran} 

Pam %1% Onc zo 4 PY 5 

Meat N2O% Prekes 14-33 rel, 


SB whee , 24,26 Se 22 


33 
te Secak tay Ones 1-3 eer wd 
dial, raje reds 4, 86, Oncd zt 219 


Ho Seek 230 - Risley 4’ Leal . 
(Reon, Seaveck 2ag anh P (1-2) relalel 


ma Ver S: 


Werk Cou © ower bpp & Xs Eveelriely - 
2 2 a QC ‘es. i 


{ Ve er. «, | t 


a Ca A 
iE cara 
ay _ pe i 


— 


—7 on ae ; 
¥ he oem 


%S 


1M 


